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ABSTRACT 


The  objective  of  this  program  was  to  investigate  the  feasibility  of 
using  explosively  driven  MHD  generators  to  produce  pulses  of  various 
time  durations  and  to  investigate  the  feasibility  of  producing  alternating 
currents.  Four  principal  approaches  were  investigated  with  the  following 
achievements: 

(1)  Power  densities  of  5  X  10?  w/m2  were  achieved  in  Composition 
C-4  explosive  with  copper  and  iron  powder  dopants, 

Detonation  zone  conductance  was  increased  by  three  orders 

of  magnitude,  with  magnetic  Reynolds  numbers  approaching 
unity , 

(2)  '  Sixty  kilohertz  alternating  current  was  generated  using 

segmented  electrodes  to  commutate  the  current  in  an 
explosive -driven  MHD  channel  and  the  output  was 
transformer-coupled  to  various  loads. 

(3)  One  millisecond  pulses  with  maximum  power  outputs  of 
277  kw  were  achieved  with  50  grams  of  seeded  propellant, 
These  fuels  were  successfully  ignited  using  standard 
20-mm  electrically  fired  cartridges, 

(.4)  A  series  of  pulsus  was  generated  in  the  explosive- 
driven  MHD  channel  using  a  multiple-charge  transport 
mechanism.  Channel  pumping-down  times  were  found  to  limit 
this  tuchniqUS.to  the  10  to  20  pulse/eec  pulse 
repetition  frequency . 

The  report  also  covers  analysis  the  physical  characteristics  and  sizes 
of  potential  systems  utilizing  earth  of  theae  approaches  to  fill  existing 
requirements, 
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SECTION  I 


INTRODUCTION  AND  SUMMARY 

The  objective  of  this  program  haB  been  to  investigate  the  feasibility 
of  using  explosive-powered  magnetohydrodynamic  (MHD)  generators  to  produce 
pulses  of  electrical  power  over  a  wide  range  of  pulse  durations  and  pulse 
repetition  frequencies.  Explosive-powered  MHD  systems  have  a  number  of 
advantages  when  compared  with  other  systems  for  the  production  of  pulses 
of  electrical  power  for  certain  applications.  Explosive  MHD  systems  have  a 
very  high  power  density  (1)*  and,  therefore,  can  reach  almost  any  energy 
requirement  within  their  pulse  length  regime  in  a  much  smaller  volume  than 
any  potentially  competitive  system.  In  addition,  the  natural  advantages 
of  explosive  MHD  may  include  auch  factors  as  low  initial  cost,  low  weight 
per  unit  of  power  output,  high  reliability,  and  short  response  time. 

Because  of  the  relatively  high  cost  per  unit  of  thermal  energy  in 
explosives  or  rocket  propellants  compared  to  commercial  electrical  power  or 
to  the  energy  contained  in  conventional  fuels,  explosive-powered  MHD  units 
will  becoms  more  competitive  in  areas  where  commercial  power  is  not  avail- 
sbls  or  feasible.  In  addition  to  military  applications  this  would  include 
circumstances  in  which  the  total  number  of  pulse*  to  be  produced  la 
relatively  small  or  they  are  produced  Infrequently  so  that  it  la  difficult 
to  Justify  installation  of  conventional  generating  and/or  distribution 
facilities  to  meet  the  peak  pulae  load  requirements. 

The  basic  principles  of  explosive  (1)  (2)  (3)  and  rocket-motor 
powered  (4)  (5)  MHD  have  been  explored  in  a  number  of  previous  programs 
and  are  relatively  well  understood.  Most  of  the  important  parameters 
relating  to  power  production  or  energy  conversion  have  been  identified 
and,  although  there  is  not  a  complete  understanding  of  all  of  the  physical 
and  chemical  principles  involved,  particularly  with  regard  to  the  level  of 
ionisation  of  the  seeded  detonation  products,  sufficient  experience  and 
background  exist  to  allow  the  design  of  unita  to  cover  a  broad  spectrum 
of  power-time  conditions  with  some  degree  of  confidence. 

It  therefore  seemed  appropriate  to  Investigate  various  explosive 
MHD  techniques  which  could  lead  to  useful  applications  of  this  technology. 
Several  potential  applications  require  pulse  lengths  which  are  either 
shorter  or  longer  than  the  50-  to  200-microsec  pulses  produced  in 
previous  explosive-driven,  linear  MHD  generator  experiments,  In  addition 
these  applications  gane rally  require  that  a  series  of  pulses  be  produced 
In  rapid  order.  Scaling  the  previous  experiments  up  or  down  in  power  level 
is  not  difficult.  However,  to  change  the  pulse  length  by  an  order  of 
magnitude,  to  both  longer  and  shorter  pulses,  new  approaches  were  required. 
Because  the  electrical  power  may  be  required  at  higher  or  lower  voltage 
levels  than  can  be  efficiently  generated  in  an  explosive-driven  channel 
bacauae  of  gaometry  limitations  (1),  it  appeared  necessary  to  generate 
alternating  current  so  that  transformers  could  be  used  to  change  voltage 
level.  For  this  reaaon  the  generation  of  alternating  current  at  high  power 

*Refer  to  List  of  References  for  this  and  subsequent  numbers  in  (  ) 


levels  was  of  interest.  An  Indirect  objective  of  thia  program  wos  to  demon¬ 
strate  a  wider  range  of  capabilities  for  explosive  MHD  systems.  It  was 
believed  that  the  successful  demonstration  of  the  techniques  would  broaden 
the  application  tree  for  explosive-driven  MHD  generators. 

The  work  reported  herein  was  the  joint  effort  of  MHD  Research, 
Incorporated;  the  Hercules  Incorporated  MHD  Group  at  Bacchus  Works,  Magna, 
Utah;  and  the  Mechanical  Engineering  Department  of  the  University  of 
Missouri,  Columbia,  Missouri.  The  program  is  divided  into  three  separate 
phases . 

The  first  phase,  conducted  at  MHD  Research,  Incorporated  under  the 
direction  of  Malcolm  S.  Jones,  Jr.,  was  related  to  the  production  of 
alternating  current  pulses,  The  program  objectives  of  this  phase  were  the 
production  of  50-kHz  alternating  current  with  a  pulse  duration  of  100 
mlcrosec,  and  the  development  of  a  rapld-pulaed  explosive  MHD  device 
capable  of  pulse  repetition  frequencies  of  90  pulaes/sec,  Work  accomplished 
under  this  phase  Is  reported  in  Section  II  of  this  report, 

The  second  phase,  conducted  at  the  University  of  Missouri  by  Dr. 

Charles  N.  McKinnon,  Jr.,  was  concernsd  with  the  generation  of  short  pulses 
of  electrical  energy  through  the  use  of  a  magnetically  loaded  explosive 
as  an  MHD  generator.  The  objective  of  this  phase  of  the  program  was  a  20- 
microsec,  SO- joule  explosive  pulse.  This  phase  is  presented  in  Section  III. 

The  third  phase  was  conducted  by  the  MHD  Group  of  Bacchus  Works  under 
the  direction  of  Mr.  Albert  H,  Peterson,  with  Clinton  D,  Bangertar  as  the 
Principal  Investigator,  The  objective  of  thie  phase  was  the  achievement 
of  a  1-ms,  103- joule  output  pulse  from  an  MHD  channel  driven  with  a 
deflagrating  energy  source,  This  phase  is  reported  in  Section  IV.  In¬ 
cluded  in  thia  section  is  a  discussion  of  possible  systems  which  might  be 
developed  using  this  technology.  Charge-feeding  mechanisms,  channel  cooling 
techniques,  and  channel  geometry  are  considered.  Estimates  are  made  of 
aystem  waights  for  various  output  pulse  levels  and  pulse  repetition  rates 
for  a  5-mln  operating  period. 

Technical  progress  has  been  made  in  all  areas  during  the  program.  This 
progress  is  summarised  In  the  subparagraphs  that  follow. 

A .  ALTERNATING  CURRENT  EXPLOSIVE  MHD  POWER  GENERATION 

It  was  found  feasible  to  generate  short  bursts  of  56-kHs  power  by 
using  segmented  electrodos  which  mechanically  commutated  the  current  path 
through  the  seeded  detonation  product  plasms  slug.  Because  of  changes  In 
the  slug  dimensions  with  time,  nonuniform  electrode  spacing  will  be 
required  if  spectral  purity  Is  desired.  The  alternating  current  output  was 
transformed  to  various  impedance  or  voltage  levels,  illustrating  the 
advantages  of  alternating-current  power  generation  for  a  number  of  high- 
voltage  applications. 
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Through  the  use  of  pneumatically  operated  cylinders,  specially  designed 
reusable  explosive  charge  holders  were  driven  past  the  entrance  to  the  MHD 
channel  at  the  velocities  required  to  obtain  a  pulse  repetition  rate  of 
90  pulses/aec.  It  was  found  that  the  first  pulse  in  a  serias  would  be 
satisfactory,  but  that  the  power  output  of  subsequent  explosive  charges 
was  seriously  degraded.  Subsequent  tests  showed  that  carbon  soot  buildup 
on  the  walls  was  but  n  small  factor  in  the  power  output  degradation. 
Measurements  of  the  power  output  as  a  function  of  the  pressure  originally 
in  the  channel,  coupled  with  pressure  transducer  measurements  made  during 
the  rapid  pulsing  experiments,  showed  that  the  probable  cause  of  the  power 
output  degradation  was  that  when  the  next  charge  was  fired,  11  ms  after 
a  preceding  pulse,  sufficient  residual  detonation  product  gases  remained 
in  the  channel  to  reduce  the  generator  output.  Although  this  effect 
could  be  alleviated  somewhat  by  improved  mechanical  design  so  as  to  produce 
a  shorter  channel,  consideration  of  the  natural  pumping-down  time  of  the 
channel  forms  an  upper  bound  on  the  pulse  repetition  frequencies  which 
can  be  achieved.  Pulse  repetition  rates  of  10  to  20  pulses/sec  seem  more 
appropriate  for  this  technology. 

B .  MAGNETICALLY  LOADED  MHD  EXPLOSIVES 

It  was  shown  that  metal  dopants  could  be  UBed  to  increase  the 
conductance  of  the  detonation  zone  in  condensed  explosives.  It  was  found 
that  the  conductance  increased  exponentially  with  the  square  of  the  dopant 
concentration.  It  was  also  determined  that  particle  shape  had  an  effect 
on  the  generated  voltage,  Explosives  loaded  with  spherical  particles  have 
an  effective  velocity  0.1  times  the  detonation  velocity;  whereas,  for 
a'  ^ular  particles,  the  effective  velocity  iB  0.3,  Power  densities  of  5  x 
"  1  watte  per  square  meter  of  explosive  cross  section  were  obtained.  It 
vis  also  shown  that  the  magnetic  Reynolds  number  could  be  increased  by 
three  orders  of  magnitude  for  the  conditions  studied  and  could  be  made  to 
approach  unity. 

C.  MILLISECOND-DURATION  PULSED  MHD  POWER  GENERATION 

It  was  demonstrated  that  standard  MHD  solid  fuels  can  be  ignited  with 
standard  military  primers  and  can  be  burned  in  millisecond  periods  to 
produce  short  pulses  of  power,  The  peak  power  produced  from  30  grams  of 
fuel  was  277  kw  with  a  pulse  length  of  1  ms.  Incomplete  combustion  and 
large  electrode  drops  were  found  to  be  the  major  problems.  It  is  anti¬ 
cipated  that  these  problems  can  bo  rather  easily  overcome  with  simple 
mechanical  modifications  to  produce  a  more  efficient  device. 

D.  CONCLUSIONS  AND  RECOMMENDATIONS 

It  was  shown  that  all  three  approaches  followed  were  capable  of 
generating  power  in  the  prescribed  time  and  frequency  ranges,  although  the 
power  output  levels  were  slightly  below  the  original  expectations  for 
reasons  which  became  clear  as  the  experimental  work  proceeded.  It  is  now 
possible  to  make  more  accurate  predictions  of  the  performance  of 


explosive- driven  MHD  channels  or  generators,  and  to  predict  accurately 
the  performance  of  systems  which  might  incorporate  such  devices, 

On  the  basis  of  the  studies  presented  in  Section  IV,  it  is  clear  that 
high-efficiency,  millisecond-duration  power  generators  can  be  constructed 
with  additional  development  work. 

In  the  case  of  the  magnetically  loaded  explosives  (Section  III),  the 
work  is  of  a  more  basic  nature  and  the  development  problems  are  not  as 
clearly  defined.  Further  work  is  needed  to  refine  the  theoretical  models 
so  as  to  account  for  the  large  magnetic  Reynolds  numbers,  and  additional 
experimental  work  is  needed  to  both  measure  the  parameters  in  the  high 
magnetic  Reynolds  number  regime  and  to  incorporate  finely  divided  permanent 
magnet  materials  into  the  explosive.  Further  experimentation  would  be 
aided  if  the  size  of  the  experimental  apparatus  could  be  scaled  up  so  that 
edge  effects  In  the  explosive  charges  do  not  dominate  the  experiments. 


SECTION  II 


ALTERNATING  CURRENT  EXPLOSIVE  MHD  POWER  GENERATION 

The  objective  of  this  phase  of  the  program  was  to  investigate  the 
feasibility  of  generating  alternating  current  in  a  linear,  explosive* 
driven  MHD  channel.  Two  different  approaches  were  followed  to  generate 
both  high-frequency  ele  <  al  power  (50-kHz  range)  and  low-frequency 
power  (100-hertz  range)  v  .ue  degree  of  success  was  achieved  in  each  of 
these  approaches.  The  following  paragraphs  describe  both  of  the  approaches 
which  were  followed,  the  design  of  the  apparatus,  and  the  experimental 
results , 

The  experiments  were  conducted  in  a  1  x  4  x  48-in.  explosive-driven, 
linear  MHD  channel  which  has  been  previously  described  (1) .  In  the 
previous  experiments  conducted  in  this  size  channel  (2),  peak  powers  of  the 
order  of  23  mw  were  generated,  with  energy  outputs  of  the  order  of  750 
joules  per  pulse  when  feeding  an  optimum  load.  For  those  experiments, 
the  magnetic  induction  was  2.3  tesla,  and  15  grams  of  explosive  contained 
in  two  7.5-gram  charges  was  used.  However,  for  the  present  set  of 
experiments,  a  different  set  of  initial  conditions  and  explosive  geometry 
was  used,  so  that  the  power  output  levels  were  below  thoBe  previously 
achieved . 

The  high-frequency  (56  kHz)  power  was  generated  by  using  a  segmented 
electrode  configuration  which  resulted  in  mechanical  commutation  of  the 
generator  output .  These  experiments  are  described  in  paragraph  A ,  When 
using  segmented  electrodes,  inductive  effects  become  important  and  limit 
the  rate  at  which  energy  can  be  delivered  to  the  load  for  short  pulse 
durations,  because  of  the  low  internal  resistance  of  the  generator.  There¬ 
fore,  in  an  inductively  limited  Bystem,  the  maximum  power  output,  which 
goes  as  I^R,  should  vary  roughly  bb  the  square  of  the  pulse  length,  since 
dl/dt  is  constant.  For  the  high-frequency  (50  kHz)  power  generation 
experiments,  whore  the  pulse  rise  time  is  10  microsec,  as  compared  to  the 
30-mlcrosec  rise  time  of  the  23-mw  pulses  cited  from  the  previous  work, 
the  peak  power  output  should  be  about  an  ordor  of  magnitude  lower,  In  the 
ranga  of  2  mw.  A  peak  power  of  2.7  mw  was  observed,  Through  the  use  of 
a  multiturn  transformer,  the  generator  output  was  boosted  to  20  kv. 

The  low-frequoncy  (90  hertz)  power  generation  experiments  were  con> 
ducted  by  developing  a  charga -feeding  mechanism  which  detonated  a  series 
of  7 , 5-gram  charges  opposite  the  channel  entrance  with  the  prescribed  pulse 
repetition  frequency.  To  avoid  voltage  breakdown  problems  between  the 
electrodes  and  tha  ends  of  the  channel,  these  experiments,  described  In 
paragraph  0 . ,  wars  conducted  with  a  magnetic  induction  of  1.0  tesla  instead 
of  2.3  tesla.  Uocauso  of  tho  difference  in  magnetic  induction,  it  is 
expected  that  the  maximum  power  producer!  will  vary  by  the  ratio  of  the 
square  of  tha  magnetic  fields,  so  that  3-mw  output  would  be  expected  with 
1,0  tesla.  Peak  power  generation  of  5,3  mw  waa  observed  in  these  experi¬ 
ments  for  the  first  pulse  of  the  series,  Because  of  insufficient  tints  for 
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the  channel  to  "pumpdown"  during  the  11  ms  between  detonations  at  a 
90-pulse/sec  repetition  frequency,  subsequent  pulses  in  the  series  were 
greatly  reduced  in  output.  However,  pulse  repetition  frequencies  of  10 
or  20/sec  do  appear  to  be  feasible  using  these  techniques. 

On  the  basis  of  the  present  experiments,  it  is  possible  to  describe 
a  number  of  important  factors  which  must  be  considered  in  the  design  of 
explosive-driven  MHD  channels  for  alternating  current  output. 

A.  HIGH-FREQUENCY  ALTERNATING  CURRENT  POWER  GENERATION 

The  feasibility  of  generating  high-frequency  electrical  power  in  a 
linear,  explosive-driven  MHD  channel  was  investigated  in  this  phase  of  the 
program.  If  short  bursts  of  high-frequency  power  can  be  generated  directly 
from  the  detonation  products,  such  an  advance  would  greatly  simplify  the 
adaptation  of  explosive  MHD  technology  to  those  applications  where  high- 
power  alternating  current  is  used}  for  example,  in  emergency  communications 
and  signaling  systems,  A  device  which  generates  high-voltage  alternating 
current  directly  should  be  preferred  to  a  system  where  direct  current  is 
generated  and  must  then  be  transformed  to  an  alternating  current  for 
utilisation . 

1.  Backftiqaad 

One  of  the  simplest  ways  to  produce  an  alternating  current  output 
from  a  direct  current  generator  is  to  introduce  some  form  of  commutation 
into  the  electrical  output.  There  are  many  different  ways  that  this  can 
be  accomplished  electrically  and  mechanically.  While  the  techniques 
for  electrical  commutation  are  well  known  (through  the  use  of  a  resonant 
circuit  and  silicon-controlled  rectifiers  or  by  direct  semiconductor  con¬ 
trol),  it  appeared  appropriate  to  investigate  the  feasibility  of  using  the 
inherent  physical  properties  of  the  explosive-driven  plasma  to  perform  a 
mechanical  commutation  within  the  generator.  In  previoua  measurements  in 
a  small-scale  (lxl  in.),  explosive-driven  genorator  (2),  It  was  shown 
that  moat  of  the  power  is  generated  by  a  relatively  thin  layer  of  conductive 
plaama  which  ie  driven  in  front  of  the  detonation  products.  These  measure¬ 
ments  showed  that  at  the  upstream  end  of  the  channel  the  thickness  of 
the  highly  conductive  region  is  of  the  order  of  a  few  centimeters.  Thla  was 
determined  by  measuring  the  duration  of  power- producing  pulses  as  a  function 
of  electrode  length  for  various  electrodes  cantered  at  the  same  location. 
Extrapolating  tha  pulse  length  to  aero  electrode  length  gave  a  residual 
time  of  2  or  3  microeec  which  would  eorrespond  to  e  0,02-m  layer  of  plaama 
moving  past  tha  electrode  at  10^  in/sec.  While  such  measurements  had  never 
been  made  at  an  appreciable  distance  from  the  charge,  tha  faot  that  the 
power  vaa  being  generated  In  a  relatively  small  volume  auggested  that  it 
would  be  eppropriete  to  try  mechanical  contnutation  of  the  generator  output 
by  segmenting  the  electrodes  and  connecting  them  in  such  s  fashion  that 
alternating  current  could  be  generated, 
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Such  a  configuration  is  shown  in  Figure  1(a),  The  important 
design  criterion  is  that  the  separation  between  electrode  segments,  b, 
should  be  greater  than  the  width  of  the  conductive  region,  S,  shown 
schematically  in  Figure  1(b).  Figure  1(b)  shows  an  alternate  approach  to 
the  problem  wherein  one  of  the  electrodes  is  segmented  and  the  other 
electrode  is  continuous,  In  this  type  of  generator  the  output  is  a  series 
of  unidirectional  pulses  generated  during  the  time  the  plasma  is  in  con¬ 
tact  with  an  electrode  segment,  with  the  output  falling  to  zero  when  the 
plasma  is  in  contact  with  the  insulator  between  the  electrodeB.  The  result 
is  an  output  that  looks  like  a  biased  sine  wave,  If,  however,  a  trans¬ 
former  is  put  into  the  output  circuit,  then  an  alternating  current  can  be 
produced  at  the  load,  Through  the  use  of  a  transformer  with  a  turns 

ratio  of  N,  the  output  can  be  transformed  to  a  higher  or  lower  voltage. 
However,  when  a  transformer  is  used  the  generator  internal  impedance 
transforms  as  n2 .  Fortunately,  the  MHD  generator  haB  a  relatively  low 
internal  impedance  at  low  frequencies,  The  internal  resistance  of  a  typical 
generator  is  of  the  order  of  10  milliohms,  and  the  inductance  is  of  the 
order  of  1  microhenry  (1). 

One  of  the  fundamental  elements  to  determine  in  designing  an 
alternating  current  experiment  is  the  dimension  of  the  conductive  region, 

S,  so  that  the  proper  electrode  segmentation  can  be  chosen,  If  the  elec¬ 
trodes  are  too  close  together,  circulating  currents  may  be  generated  or 
commutation  may  not  occur.  Therefore  a  series  of  measurements  was  made  to 
determine  the  effective  size  of  the  conductive  region  and  to  determine  how 
the  size  of  this  region  changed  as  the  plasma  moved  down  the  channel,  Once 
this  information  had  been  obtained,  it  was  possible  to  design  an  effective 
electrode  system. 

We  have  at  this  point  tacitly  assumed  that  the  conductive  region 
had  a  dimension,  S,  which  is  to  be  determined  experimentally,  and  that  the 
detonation  products  would  move  at  a  constant  velocity,  In  actual  practice 
it  is  found  that  the  front  and  rear  of  the  detonation  products  have  different 
velocities  so  that  the  plasma  slug  not  only  grows  in  the  dimension  S, 
but  also  slows  down.  This  means  that  the  electrode  spacing  must  be  non¬ 
linear  to  drive  a  fixed  frequency,  f0,  and  that  the  power  generated  in  each 
succeeding  pulse  will  be  degraded  by  circulating  currents  when  the  slug  is 
In  the  downstream  section  of  the  channel. 

2 .  Experimental  Work 

To  examine  the  various  physical  parameters  involved  in  generating 
alternating  current  pulses,  a  series  of  experiments  was  conducted  in  an 
existing  1  x  4  x  48-in.  linear  MHD  channel  which  had  been  used  in  previous 
experiments  and  has  been  described  elsewhere  (1)  (3).  The  details  of  this 
channel  are  shown  in  Figure  2,  The  experimental  program  conoisted  of 
essentially  three  phases:  (1)  Measurement  of  the  physical  dimensions  of 
the  conductive  slug  of  plasms,  so  the  apparatus  could  be  modified  for  high- 
frequency  pulsed  output;  (2)  a  series  of  measurements  to  determine  the 
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SEEDED  EXPLOSIVE  CHARGE 


Figure  1(a).  Electrode  connections  -  alternating  current 
output,  both  electrodes  segmented 


Figure  1(b).  Electrode  connections  -  one  electrode  segmented, 

showing  probable  distribution  of  conductive,  seeded 
detonation  products 


Details  of  explosive-driven,  linear  MHD  channel 


characteristics  of  a  generator  with  a  set  of  uniformly  segmented  electrodes 
having  a  small  ratio  of  electrode  length  ot  insulator  spacing;  and  (3) 
experiments  in  which  alternating  current  output  was  connected  to  various 
output  networks  so  as  to  provide  high-voltage,  high-frequency  pulses.  The 
following  subparagraphs  describe  each  set  of  experiments. 

a .  Probe  Experiments 


The  probe  experiments  were  conducted  in  the  1  x  4  x  48- in. 
channel  using  continuous  electrodes.  The  probes  were  1.5  x  10"3  m  diameter 
copper  wires  mounted  in  4  x  10"^  m  diameter  holes  drilled  in  the  center  of 
the  electrode.  Figure  2  shows  the  details  of  the  continuous  electrode 
and  the  electrostatic  probes.  The  probe  wires  were  held  in  place  by 
epoxy  which  filled  the  space  between  the  electrode  and  the  wire  and  pro* 
vided  electrical  insulation.  The  probes  were  mounted  0.127-m  apart  along 
the  electrode  as  shown  in  Figure  3  which  gives  the  dimensions  of  the  probeB 
and  electrodes  in  metric  units.  Two  types  of  probe  experiments  were  per¬ 
formed,  For  the  first  set  of  measurements  the  probes  were  connected  to 
the  recording  oscilloscope  by  means  of  coaxial  cables  which  were  terminated 
with  the  characteristic  impedance  of  50  ohms.  For  the  later  experiments 
the  probes  were  connected  to  a  100-volt  power  supply.  The  power  supply 
Included  a  5-microfarad  condenser  placed  across  the  probe  so  as  to  provide 
a  relatively  constant  current  during  the  period  of  the  pulse.  This  circuit 
is  shown  in  Figure  4.  The  current  was  measured  by  reading  the  voltage 
drop  across  the  two  50-ohm  resistors  connected  from  the  probe  to  the 
electrode.  These  experiments  were  performed  without  an  applied  magnetic 
field  Bince  the  objective  was  to  make  a  measurement  of  the  conductivity 
independent  of  the  induced  electric  field. 


Figure  5  shows  probe  traces  taken  in  the  first  set  of 
experiments  with  a  magnetic  field  of  1.3  tesla.  Traces  are  shown  for  four 
probe  positions  on  the  top  electrode,  which  1b  the  anode  or  negative 
terminal  of  the  generator.  The  first  probe  is  0.045  m  from  the  trigger 
electrode  while  the  other  probeo  are  0,127-m  apart  as  shown  in  Figure  3. 

The  times  of  arrival  of  the  ionizing  front  at  each  location  can  bo  used  to 
construct  an  X-t  diagram  if  desired.  In  this  cbbo,  with  an  initial  pressure 
of  1  torr  of  helium,  the  velocity  of  the  front  is  12.5  km/ sec.  The  vortical 
gain  on  each  channel  la  200  v/cm,  With  the  generator  connected  to  a  0.25- 
ohm  load,  the  probe  signal  is  only  a  fraction  of  the  generator  output  voltage 
which  1b  about  800  volts.  Figure  6  shows  comparable  data  taken  as  part  of 
the  second  set  of  probe  measurements  in  the  absence  of  an  externally  applied 
magnetic  field.  There  was  a  small  amount  of  residual  magnetism  in  the 
channel  side  walls,  less  than  0.015  tesla.  The  output  signal  shown  in 
Figure  5  is  due  primarily  to  the  flow  of  current  from  the  probe  to  the 
electrode  through  the  plasma  surrounding  the  electrode.  While  it  is 
difficult  to  deduce  an  absolute  value  for  the  conductivity  for  these 
measurements,  they  do  indicate  the  ralativo  conductivity  of  the  various 
portions  of  the  conducting  plasma  us  it  passes  the  probe  position,  Borne 
measure  of  the  conductivity  of  the  plasma  in  close  proximity  to  the 
electrode  cun  be  deduced  from  a  calculation  of  an  equivalent  cell  constant 


i 


10 


33  3 


Figure  3.  Arrangement  of  probes  and  electrodes  used  in 
segmented  electrode  experiments 


Figure  4.  Circuit  diagram  showing  power  supply  and  capacitor 

connected  to  electrostatic  prcbe  in  channel  electrode 

for  the  electrode-insulator-electrode  geometry  and  from  the  measured 
conductance  of  the  plasma  circuit.  The  conductance  can  be  calculated  from 
the  traces  in  Figure  6  and  the  known  circuit  parameters  which  are  shown  in 
Figure  4.  If  the  plasma  were  infinitely  conductive,  the  trace  would  be 
100  volts  in  amplitude,  which  corresponds  to  the  power  supply  voltage.  A 
plasma  resistance  of  25  ohms  would  reduce  the  output  to  50  volts.  These 
traces  show  that  the  conductive  slug  has,  for  these  levels  of  current  density, 
a  relatively  uniform  conductivity.  Experiments  which  were  taken  with  the 
segmented  electrode  channel  (described  later)  show  that  when  the  generator 
is  feeding  a  very  low-reslBtance  load,  essentially  short-circuited, 
the  conductive  region  is  much  smaller.  Figure  7  is  an  X-t  plot:  showing  the 
traces  from  Figure  6  arranged  appropriate  distances  apart  so  that  velocities 
of  the  front  and  rear  of  the  conductive  region  can  be  determined.  The 
velocity  of  the  front  determined  by  this  method  is  the  same  at  12.5  km/ Bee 
as  that  by  the  other  method.  If  we  are  somewhat  arbitrary  and  choose  the 
end  of  the  "plateau"  as  the  rear  of  the  conductive  region,  we  can  deduce  a 
velocity  of  6  km/sec  for  that  region,  The  data  can  be  fitted  with  a 
linear  relation  to  predict  the  size  of  the  conductive  region  as: 
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PROBE  1 


200  v/cm 


PROBE  2 


PROBE  3 


PROBE  4 


Figure  5. 


10  /iHue/cui 


Oscilloscope  truces  for  uloetrostuM  c  probes  1  through  4 
installed  in  electrode  (compare  to  Elguro  6  in  which  the 
probes  were  biducd  to  -100  volts) 
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PROBE  1 


50  v/cm 


PROBE  2 


PROBE  3 


PROBE  4 


Figure 


10  /nsec/cm 


50  v/cm 


50  v/cvr, 


10  ftsuc/cin 


6.  Oscilloscope  traces  for  electrostatic  probos  1 
through  4  when  biased  to  »100  vnlts  with  respect 
to  the  electrode 
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Vf  -  velocity  of  the  front  of  the  conductivity  region 
V  ■  velocity  of  the  rear  of  the  conductivity  region 
X  ■  distance  down  the  channel 

X0  ■  empirically  determined  constant  which  closely 
approximates  the  explosive  charge  to  ohannel 
separation  distance 

For  the  traces  shown  in  Figure  6,  Vr  is  about  one-half  of  Vf,  and  X~  is 
about  0,14  m.  Because  of  the  complicated  conical  geometry  of  the  charge, 
it  is  not  known  aprlori  where  the  plasma  la  generated.  The  value  of  X0 
cited  above  places  the  origin  of  the  plasma  within  the  conical  section  of 
the  charge. 

Having  determined  the  alee  of  the  conducting  region,  several 
experiments  were  conducted  to  determine  whether  its  slee  could  be  modified 
by  changes  in  the  geometry,  the  charge  seed  level,  or  the  placement  of  the 
seeding  within  the  charge;  so  that  shorter  pulses  could  be  produced.  Table 
I  lists  the  various  charga  and  seeding  configurations  and  the  length  of 
the  pulse*  seen  at  the  six  probe  stations  along  the  channel.  The  standard 
charge  end  aaeding  configurations  used  in  the  power  generation  experiments 
are  two  7  ,5-gram  praised  RDX  conical  charges  seeded  with  200  mg  of  cesium 
picrete  seed  par  charge.  These  charges  ere  designated  as  Type  20B,  It  is 
seen  from  Table  1  that  if  the  amount  of  Bead  per  charge  is  reduced  (Cases 
1,  2,  end  3)  that  the  length  of  the  conductive  region  can  be  reduced,  By 
firing  only  on*  charge  it  ia  seen  that  the  width  of  the  conductive  region 
Is  smaller  with  the  same  quantity  of  seed  (compare  Ceees  3  end  4) .  The 
•hortest  pulse  lengths  occurred  when  using  e  flat-front  charge  of  HMX 
explosive  seeded  with  30  mg  of  cesium  picrete  (Case  7)  .  It  should  be 
noted  that  the  20B  charges  an  manufactured  with  e  60-degree  conical 
internal  cavity. 

« 

In  the  majority  of  the  experiment!  the  cesium  picrat*  was 
distributed  uniformly  around  the  inner  surface  of  the  cone,  Experiments 
were  conducted  wherein  50  mg  of  cesium  picrete  were  pieced  at  the  apex 
of  the  cone,  end  in  another  sat  of  experiments  the  cesium  picrete  was 
suspended  on  acetate  film  in  front  of  the  charge.  Squatting  the  cesium 
picrete  into  the  apex  of  the  cone  wee  not  satisfactory  in  that  the  probe 
signals  were  very  smell  end  the  output  voltage  trace  woe  unusual,  not 
reaching  the  peak  value  of  600  volts  until  20  microsec  after  the  start. 
With  the  f let-front  charge,  a  peak  voltage  of  800  volts  wee  achieved  in 
about  8  microsec.  The  magnetic  field  wee  the  seme  for  both  shots., 
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TABLE  I 

CHARGE  AND  SEEDING  CONFIGURATIONS 


Case 

Charge 

Seed  Level 

Pu 

.so  Lengths  ( 

microsec) 

No. 

Configuration 

(mg) 

1 

2 

3 

4 

5 

6 

1 

2-20B 

20 

20 

44 

56 

65 

83 

104 

2 

2-20B 

100 

18 

35 

53 

53 

70 

88 

3 

2-20B 

50 

16 

36 

54 

54 

72 

96 

4 

1-20B 

50 

13 

15 

26 

26 

38 

64 

5 

1-20B 

25 

14 

20 

no 

trace 

24 

32 

48 

6 

1-2CB 

0 

20 

24 

12 

10 

no 

trace 

24 

7 

1-HMX 

FF 

50 

14 

18 

28 

32 

40 

48 

8 

1-20B 

50  in 
apex 

11 

10 

no 

trace 

18 

36 

56 

9 

1-20B 

50  on 
film 

30 

31 

26 

20 

36 

64 

i 

I 


Whan  the  asod  was  held  on  the  acetate  film,  the  pulae  length  was  much 
longer;  however,  at  the  third  and  fourth  probe  atatlona  the  pulae  length 
had  ahortened  to  valuaa  appropriate  for  the  number  of  charges  and  quantities 
of  seed  used,  The  pictures  of  the  signal  from  the  probes  downstream  from 
that  point  are  undistinguiahable  from  those  associated  with  a  normal  shot. 

For  alternating  current  power  generation,  we  may  conclude 
from  the  measurements  conducted  that,  (1)  The  flat-front  charge  geometry 
offers  the  shortest  pulses,  (2)  single  charges  should  be  used,  and  (3)  the 
seed  levels  should  be  held  reasonably  low.  The  feasibility  of  using  bulk 
seeded  charges  in  the  explosive-driven  MHD  channel  has  also  bean  in¬ 
vestigated  in  a  company- funded  program.  It  was  found  that  surface  seeding 
is  preferred  for  most  applications. 
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Figure  3  show*  the  arrangement  of  the  electrodes  used  in 
these  experiments .  The  upper  electrode  is  segmented  into  six  separate 
parts,  each  0„025-m  (1  in.)  long.  The  electrodes  are  spaced  on  0.2-m 
centers.  The  bottom  electrode  was  continuous  and  retained  the  probes 
reported  in  paragraph  2.  The  electrodes  were  connected  to  a  bus  bar  which 
was  connected  to  the  external  load.  Provision  was  made  for  installing  a 
current  pickup  loop  around  each  of  the  connectiona  to  the  electrode  seg* 
menta  so  that  the  current  in  each  segment  could  be  measured  independently 
of  the  total  current  flowing  in  tha  system.  The  basic  calibration  of  the 
current  pickup  loop  Integrator  combinations,  which  were  almost  identical, 
was  9.3  itiloamp/volt  of  output  signal.  Passive  R,  C.  integrator  networks 
with  a  1-me  time  constant  were  uaed  on  all  channels.  With  the  external 
bus  bar  arrangement  it  was  possible  to  place  the  load  at  a  number  of  points 
up  and  down  the  channe 1 . 

The  first  set  of  experiments  involved  measurements  of  the 
generator  open  circuit  voltage  with  the  segmented  electrode  configuration. 

The  magnetic  induction  was  1.3  teBla.  Shots  were  made  with  single  20B 
charges  seeded  with  SO  mg  of  cesium  picrate  (See  Figure  8)  and  200  mg  of 
cesium  picrate  (See  Figure  9) .  In  Figures  8  and  9  it  is  seen  that  the 
first  and  second  electrodes  generated  pulses  approximately  800  volts  in 
amplitude.  The  open  circuit  voltage  pulse  from  the  third  electrode  Is 
somewhat  reduced,  presumably  due  to  a  drop  in  the  magnetic  field  which  ends 
at  the  position  of  the  fourth  probe,  close  to  third  electrode  (See  Figure  3). 
The  results  obtained  with  the  50-mg  seed  level  show  much  cleaner  pulses 
than  those  obtained  with  the  200-mg  experiment.  These  measurements  validate 
the  conclusions  drawn  on  the  basis  of  probe  measurements  that  the  effective 
size  of  the  conductive  region  is  smaller  for  the  lower  seed  levels.  It 
may  be  noted  that  for  this  set  of  experiments  the  channel  was  filled  to 
1-mm  initial  pressure  with  sulfur  hexafluoride.  Experiments  during  the 
probe  measurements  had  shown  that  voltage  breakdown  could  occur  in  the 
channel  ahead  of  the  conductive  region  and  that  internal  circulating  currents 
could  bypass  the  external  load.  To  get  reproducible  data,  it  was  necessary 
to  reduce  the  magnetic  field  from  its  normal  value  of  2.3  tesla  to  1.3 
tesla  and  to  introduce  sulfur  hexafluoride,  which,  as  an  electronegative  gas, 
proved  to  be  an  effective  insulator.  Previous  measurements  had  shown  that 
the  presence  of  the  sulfur  hexafluoride  initially  in  the  channel  did  not 
markedly  affect  the  power  generation  capability. 

For  the  second  set  of  experiments  the  channel  was  connected 
to  a  low- inductance,  one-turn  primary  coil  which  had  a  five-turn  secondary 
(Figure  10).  Typical  oscilloscope  traces  from  this  experiment  are  shown 
in  Figure  11.  The  top  trace  (Figure  11(a))  is  the  voltage  across  the 
primary  of  the  transformer.  Figures  11(c)  and  11(d)  show  the  currents 
through  the  various  electrode  segments  (See  Figure  7) .  Figure  11(b)  shows 
the  current  through  the  transformer  primary  as  the  upper  trace.  It  can  be 
seen  that  the  currents  from  the  individual  electrodes  add  with  very  little 
circulating  current.  Figure  12  shows  traces  from  an  identical  experiment, 
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Figure  11.  Oscilloscope  traces  from  segmentea  electrode 
experiment  with  one-turn  primary 


200  v/cm 


VOLTAGE 

ACROSS 

TRANS¬ 

FORMER 
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WINDING 


10  fiBcc/m 


CURRENT  IN 
PRIMARY  WINDING 


CURRENT  IN 
SECONDARY  WINDING 


9,3  ka/cm 


0,465  ka/cm 


10  /isec/cm 


Figure  12.  Oscilloscope  traces  from  segmented  electrode 
generator  experiment 


with  the  exception  that  the  gain  on  the  secondary  current  measurement  was 
0.05  v/cm,  which  would  correspond  to  465  arnp/cm,  instead  of  2.0  v/cm  as 
in  the  lower  trace  of  Figure  11(b).  It  is  seen  that  the  coupling  in  this 
transformer  is  not  exceptionally  good, 

3 .  Transformer  Tests 

To  investigate  the  feasibility  of  generating  high-voltage  pulses, 
another  transformer  was  constructed  with  a  variable  number  of  turns  or  taps 
on  the  primary.  This  transformer  is  shown  in  Figure  13,  The  secondary 
of  the  transformer  was  fixed  at  50  turns  which  produced  a  secondary  in¬ 
ductance  of  126  microhenry  and  a  resistance  of  0.42  ohms.  By  connecting 
the  channel  to  various  taps  on  the  primary,  the  turns  ratio,  N,  could  be 
varied  over  a  wide  range.  The  following  tabulation  gives  the  number  of 
turnB  in  the  primary  when  the  generator  was  connected  to  the  terminals 
indicated,  the  turns  ratio,  and  the  inductance  of  the  primary: 

Primary 

Turns  Inductance 


Primary  Turns 

Ratio 

(microhenry) 

1-2 

4 

12.5 

2.55 

1-3 

7 

7.14 

5.3 

1-4 

14 

3.57 

14.0 

1-5 

22 

2.28 

25.8 

The  transformer  tests  were  of  three  general  types:  turns  ratio 
experiments,  reasonance  experiments,  and  loading  experiments.  The  turns 
ratio  experiments  demonstrated  that  the  output  voltage  increased  with  the 
turns  ratio  up  to  outputs  of  a  4  kv,  and  remained  constant  thereafter 
suggesting  that  breakdown  was  occurring,  The  primary  current  increased  with 
the  turns  ratio,  indicating  that  the  current  was  being  limited  by  the  load 
resistance  in  the  secondary  as  would  be  expected. 

For  the  resonance  experiment,  the  12.5  to  1  turns  ratio  con¬ 
figuration  was  used  and  the  secondary  of  the  transformer  was  tuned  with 
a  capacitor  to  resonate  at  the  generator  fundamental  frequency  of  about 
55  kHz,  When  driving  the  resonant  circuit,  outputs  up  to  20  kv  were 
observed:  however,  there  was  some  evidence  for  breakdown  in  the  secondary 
circuit  which  would  terminate  the  pulse  after  a  few  cycleB.  If  the 
resonant  frequency  was  not  exactly  matched  to  the  mechanical  commutation 
frequency,  it  was  possible  to  drive  negative  currents  in  the  generator  for 
part  of  a  cycle.  Because  of  the  fact  that  the  size  of  the  detonation 
product  slug  changes  with  distance  along  the  channel,  it  was  not  always 
possible  to  keep  the  mechanical  commutation  in  phase  with  the  electrical 
oacillationB  which  were  determined  by  a  fixed  inductance  and  capacitor. 
Electrical  oscillation  frequencies  below  the  initial  mechanical  comnutatlon 
frequency  seem  to  be  preferred. 


A  aeries  of  tests  was  conducted  wherein  the  secondary  was  loaded 
with  various  resistances.  These  measurements,  which  ere  summarised  in 
Figure  14,  show  that  loading  of  the  secondary  did  not  appreciably  load 
the  primary.  However,  it  may  be  seen  that  loading  the  secondary  with  50 
ohms  would  have  reduced  the  output  by  abmtt  1/a,  For  a  turns  ratio  of  12,5, 
this  is  equivalent  to  a  load  of  about  0,330  ohms  in  the  primary.  From 
other  experiments  we  know  that  when  the  generator  is  feeding  a  load  of 
0.250  ohms,  its  output  voltage  is  reduced  by  ubout  12  percent, 
which  iB  consistent  with  the  10 -percent  reduction  in  orinxury  voltage  we 
would  observe  in  this  experiment  if  we  had  used  50  ohms  in  the  secondary. 

We  have  thus  confirmed  the  predicted  result,  that  the  generator  impedance 
transforms  os  the  square  of  the  turns  ratio.  Techniques  exist  for 
achieving  much  lower  generator  internal  impedances  than  were  observed  in 
this  experiment  (1). 


Figuru  14,  Plot  of  transformer  primary  and  secondary  peak 
voltages  as  a  function  of  the  load  in  the 
secondary  circuit 


25 


We  oan  uae  the  individual  electrode  current  trace*  to  make  an 
independent  estimate  of  sise  of  the  conductive  region.  Figure  15  shows 
an  X-t  diagram  constructed  from  the  traces  shown  in  Figure  11.  The  front 
of  the  conductive  region  is  designated  as  the  time  when  the  current  starts 
to  rise  at  a  given  electrode.  The  end  of  the  highly  conductive  region  is 
identified  with  the  time  of  peak  current  which  is  the  time  when  the  current 
starts  to  drop.  Presumably  this  would  occur  when  the  rear  of  the  highly 
□onductive  region  reaches  the  downstream  side  of  the  electrode.  From 
these  data,  two  X-t  diagrams  can  be  drawn)  one  for  the  front  of  the 
conductive  region,  and  the  other  for  the  renr  as  shown  in  Figure  15.  The 
velocity  of  the  front  is  about  the  same  as  determined  by  the  probe  methods 
(11.8  km/seo) ,  However,  the  velocity  of  the  rear  is  much  higher  when 
determined  by  this  method-»approximdtely  9.3  km/sec.  The  origin  of  the 
plasma  appears  to  be  the  seme  in  both  cases.  These  measurements  suggest 
that  the  sice  of  the  conductive  region  is  sensitive  to  the  current  density 
end  that  for  very  high  current  densities,  the  highly  conductive  region  is 
much  shorter  than  would  be  suggested  by  the  probe  measurements. 

The  model  suggested  by  Equation  l  is  still  applicable*  with  the 
major  difference  that  the  velocity  of  the  rear  of  the  conductive  region, 

Vr,  ie  an  apparent  function  of  the  current  density.  Presumably  this  is  due 
to  an  axial  deatributlon  of  conductivity  within  the  seeded  detonation 
product  slug,  suggesting  that  the  current  is  concentrated  in  the  front 
portion. 


Wo  have  demonstrated  that  it  is  feasible  to  use  mechanical  com¬ 
mutation  of  the  detonation  products  to  produce  high-frequency,  alternating 
currant  pulaaa  with  en  explosive-driven  MHD  channel .  Alternating  current 
has  been  generated  In  the  frequency  band  between  53  and  60  kHc,  While  the 
system  does  have  some  limitations  as  far  as  frequencies  which  can  be  covered 
end  spectral  purity,  it  does  represent  an  extremely  simple  and  rugged  device, 
for  generating  megawatt  or  gigawatt  pulses  in  this  frequency  range. 

These  studies  have  given  added  insight  into  tha  generation  of 
plasmas  with  condonsed  explosives  with  the  practical  result  that  optimised 
seeding  conditions  for  seeding  charges  for  the  generation  of  alternating 
current  have  been  determined.  These  studies  suggest  that  the  plasms  is 
formed  from  the  seed  materiel  located  in  the  middla-to-front  port  lone  of 
tha  conical  charge,  end  that  the  flat-front  charges  produce  e  plasma  region 
having  a  relatively  narrow  velocity  distribution. 

The  probe  measurements  have  suggested  that  the  use  of  electro- 
ntatic  probes  along  the  electrode  surface  can  yield  some  information  about 
tha  structure  of  the  detonation  product  conductivity  at  some  distance  from 
tha  point  of  detonation.  This  information  can  be  supplemented  by  date 
showing  the  ability  of  the  plasma  to  paea  appreciable  currents,  which 
is  *  measure  of  the  plasma  conductivity  in  tho  flow  channel  proper.  These 
probe  measurements  show  that  the  plasma  volume  grows  as  the  plasma  move a 
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Figure  15.  X-t  diagram  time  of  current  start  and  tims  of 
peak  current  in  various  olectrode  segments 
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away  from  the  detonation  point.  It  la  expected  that  the  lncreaae  In 
plasma  volume  la  the  element  which  allows  the  plaama  conductance  to  remain 
fairly  high  for  appreciable  times  after  the  explosion,  even  though  the 
pressure  and  temperature  are  decreasing. 

B.  LOW-FREqUENCY  ALTERNATING  CURRENT  POWER  GENERATION 

The  objective  of  this  phase  of  the  program  was  to  investigate  the 
feasibility  of  generating  a  serlcB  of  pulses  at  a  rate  of  approximately 
90/sec.  in  the  linear,  explosive-driven  MHD  channel. 

1.  Background 

Soma  of  the  interesting  potential  application  areas  for  the 
explosive-driven  MHD  generator  are  in  the  production  of  a  series  of  short, 
high-power  pulses  with  a  reasonably  high-pulse  repetition  frequency. 

Typical  examples  would  be  in  providing  a  pulse  of  electrical  power  to  the 
output  stage  of  a  radar  transmitter  or  to  soma  sort  of  pulsed  optical 
device  or  light  source.  If  the  total  operating  period  during  which  the 
pulse  train  is  required  is  of  the  order  of  102  or  103  sac,  so  that  the 
requirement  is  for  10^  or  10^  pulses  between  reloading  operations,  it  may 
be  advantageous  to  use  the  explosive -driven  MHD  generator  in  place  of  con¬ 
ventional  energy  generation  and  storage  systems,  It  appeared  desirable, 
therefore,  to  determine  if  there  was  any  fundamental  limitation  on  the  use 
of  a  repetitively  pulsed  linear  channel  for  such  applications . 

The  objectives  established  for  this  investigation  ware  that  the 
system  should  be  capable  of  providing  a  series  of  pulsas  at  the  rate  of  90 
pulses/sec  with  the  output  in  the  range  of  1  kilojoule  per  pulse.  Three 
pulses  were  selected  as  the  minimum  number  which  would  adequately  demon¬ 
strate  that  the  quasl-steady-atate  operation  could  be  established.  It 
would  have  been  desirable  to  demonstrate  a  longer  series  of  pulses;  however, 
the  problem  of  feeding  three  explosive  charges  was  formidable  enough  with¬ 
out  having  to  develop,  proof  test,  and  qualify  a  cartridge  and  a  continuous- 
feed  mechanism.  While  high- feed-rate  mechanlama  have  been  developed  for 
electrically  fired  aircraft  cannon,  these  cartridges  contain  a  deflagrating 
material  auch  as  smokeless  powder  or  s  seeded  propellant.  For  these  gun- 
type  systems  the  breech  pressure  is  limited  to  a  faw  kllobars  (45,000  pel) 
where  the  pressures  can  be  contained  by  conventional  high-strength  materials. 
With  a  detonating  explosive  the  pressures  are  of  the  order  of  200  kllobars 
(3  million  psi),  and  all  materials  suffer  plastic  deformation  at  thesa 
levels.  Therefore,  conventional  breach  and  certrldging  procedures  are  not 
suitable  for  use  with  detonating  axplosivas,  especially  in  a  system  designed 
for  repetitious  operation.  Consequently,  some  exploratory  work  was  required 
in  the  development  of  e  new  type  multiple-charge  feeding  mechanism. 

Several  intermediate  approaches  could  be  suggested  (a  aeries  of  static  ports 
each  containing  a  charge,  a  rotating  wheel,  etc);  however,  it  was  dasired 
to  develop  a  multiple-charge  feeding  mechanism  which  had  growth  potential, 
ivhs  paragraphs  that  follow  describe  the  multiple-charge  feeding  mechanism 
/rich  was  finally  developed  and  the  multiple-pulse  experiments  which  vers 
•c>naucted  in  the  linear  channel . 
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2.  AuparatuB 


There  were  two  major  design  problems  which  had  to  be  solved: 
Development  of  a  suitable  charge  holder  which  would  transport  the  un¬ 
detonated  chargos  past  the  channel  opening  with  the  required  frequency, 
and  development  of  a  mechanism  which  would  provide  come  measure  of  safety 
to  protect  the  undetonated  charges.  The  two  problems  were  Bomewhat  inter¬ 
connected,  since  the  power  required  to  drive  the  feeding  mechanism  and  its 
complexity  are  related  to  the  weight  and  size  of  the  charge  holder, 

Previous  experience  in  firing  the  explosive-driven  MHD  channel 
had  shown  that  if  the  charge  were  given  sufficient  standoff  from  rigid 
metallic  surfaces  the  charge  ic  ‘Id  be  contained  with  only  minor 
aurfaca  damage  to  the  containing  vessel.  The  detonation  products  have  a 
specific  heat  ratio,  y,  which  is  approximately  3.0  in  the  detonated  con¬ 
densed  state  so  that  the  pressure  drops  rapidly  aa  the  detonation  products 
expand.  Aa  the  detonation  product!  expand,  V  decreases  toward  unity,  but 
the  important  factor  is  that  the  pressures  ere  drastically  reduced  when 
the  detonation  products  have  expanded  to  several  times  their  original 
volume.  This  fact  was  exploited  in  the  design  of  a  carrier  for  the 
explosive  charge  which  is  shown  in  Flgura  16.  The  charge  carrier  on  the  left 
is  shown  in  the  "as  manufactured"  condition  while  the  charge  oarrler  at  right, 
which  is  covered  with  soot,  has  had  charges  fired  in  each  of  ita  end 
positions.  Soma  slight  enlargement  of  the  hole  way  be  seen  when  compared 
to  the  unfired  center  position.  The  charge  carriers  were  used  for  up  to 
five  ahota  before  replacement.  The  charge  waa  spaced  away  from  the  sides 
of  the  holder  by  means  of  a  low-density  polyurethane  foam,  as  shown  in 
Figure  17.  A  procedure  was  developed  wherein  the  charge  waa  held  In  place 
in  a  jig  and  the  polyurethane  waa  cast  in  the  space  between  the  charge  and 
the  holder.  The  elements  of  the  explosive  train  (blasting  cap  and  the 
primacord)  wore  alao  embedded  In  polyuro,:hano  for  protection.  The  Internal 
detail!  of  the  charge  carrier  and  charge  are  shown  in  Figure  18 .  The  front 
of  the  charge,  which  wae  protected  by  the  holding  fixture  Jig  during 
assembly,  was  accessible  after  casting  for  placement  of  the  cesium  picrato 
seed. 


One  of  the  first  problems  to  ba  faced  was  the  matter  of  how  close 
together  the  charges  could  be  placed  on  any  transport  mechanism.  If  the 
charges  are  placed  too  close  together,  they  may  either  be  detonated 
sympathetically  or  damagad  physically.  To  soma  extent,  the  mounting  of  the 
charges  in  the  polyurethane  foam  Insulates  the  adjacent  charges  from  tha 
shock  transmitted  through  the  charge  carrier  holder,  In  addition,  the  RDX 
explosive  l.a  rather  insensitive;  however,  some  of  the  elements  in  the 
explosive  train  may  not  be  as  insensitive.  Another  problem  to  be  faced 
waa  that  blast  from  one  charge  might  force  the  adjacent  charge  out  of 
position  ao  that  when  it  was  fired  it  would  not  be  pointing  down  the 
channel,  or  tha  blast  might  disrupt  the  initiation  system.  To  test  the 
several  charge  holder  designs  which  had  been  developed,  a  series  of  teats 
waa  conducted  in  a  large  vacuum  tank.  Tha  charges  were  mountod  in  the 
charge  carrier  ee  shown  in  Figure  17  and  were  suspended  in  the  tank  while 
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"AS  MANUFACTURED" 
ONAMI  CARRIER 


CHAROK  CARRIER  THAT  HAS  HAD 
CHARGED  FIRED  IN  EACH  OF  ITS 
KND  POSITION! 


Figure  16,  Explosive  charge  carriers 


Figure  17.  Charge#  in  carrier  with  polyurethane  foam 


Figure  18.  Charge  carrier  and  explosive  train 


the  tank  was  pumped  down  to  a  few  millimeter*  of  pressure  •  By  firing  at  a 
reduced  pressure,  it  is  possible  to  avoid  the  air  blast  effects  and  to 
determine  if  sympathetic  detonation  would  occur.  At  pressures  of  the  order 
of  a  few  torr,  the  charges  could  be  detonated  one  after  another,  which 
indicated  that  the  charges  were  still  intact  and  that  the  blast  had  not 
torn  off  the  wires  leading  to  the  blasting  cap  of  the  adjacent  charge. 

The  pressure  was  then  increased  to  approximately  one-half  atmosphere  and 
repeated  in  a  satisfactory  manner.  Tests  at  higher  initial  pressure 
resulted  in  some  physical  damage  to  the  adjacent  charge. 

Having  fixed  the  charge  separation  at  k  in.,  a  mechanism  was 
then  designed  which  was  capable  of  moving  one  charge  pest  tha  firing 
position  every  11  ms,  which  would  corraapond  to  e  90  pulse/sec,  pulse 
repetition  frequency  (PHI1) »  Several  banie  mechanisms  were  considered, 
both  linear  end  rotary.  The  rotary  mechanisms  were  discarded  beoeuae  of 
the  high  angular  velocity  that  would  have  to  be  obtainad  and  because  of 
the  fact  that  thara  was  little  growth  potential  in  developing  a  mechanism 
capable  of  firing  a  larga  number  of  pulaas  without  atopplng  to  reload, 

In  principle,  with  a  linaar  mechanism,  ths  charga  holders  could  be 
connected  together  in  a  fashion  somewhat  analogous  to  the  wey  cartridges 
are  now  linked  together  and  fed.  With  such  a  mechanism  a  vary  large  number 
of  cartridges  could  be  fad  continuously  from  a  magasine  to  the  entrance 
of  the  MHD  channel  at  the  prescribed  feed  rate. 

For  simplicity,  e  pneumatic  piston  was  selected  to  drive  the 
aluminum  charge  carrier  shown  in  Figures  16  end  17  past  the  channel 
entrance.  Tha  principal  details  of  thla  piston  mechanism  are  ahown  in 
Figure  19.  The  mechanism  aalacted  was  an  air-driven  actuator  with  a  shaft 
out  of  each  and  of  tha  ayllnder  from  the  piston,  In  operation  the  shaft 
ia  restrained  by  the  release  mechanism,  and  tha  chamber  on  tha  upper  side 
of  the  piston  is  pressurised  to  pleasure  Pi  whioh  may  ba  10  or  20  atmos¬ 
pheres  ,  The  lower  chamber  pressure.  Pgr  can  either  ba  above  or  below 
atmospheric,  Whan  the  top  of  tha  shaft  is  released,  tha  piston  forces 
ths  shaft  downward  moving  the  charges  past  tha  entrance  of  the  channel, 

A  cam  on  tha  uppor  shaft  actuates  mlcroswltchaa  which  era  used  to  trigger 
capacitor  discharge  firing  circuits  for  ouch  of  tha  bleating  caps  as  that 
particular  oharge  pasaas  tha  canter  of  ths  channel.  During  the  100  mlcrosnc 
or  laea  taken  for  the  circuita  to  flra  tha  blaeting  cap,  tha  charge  moves 
approximately  1  ion  et  maximum  velocity.  The  air  in  the  bottom  pert  of  the 
platon  is  compressed  during  ths  downward  motion  and  forms  a  cushion  which 
stops  tha  motion  of  the  piston  and  tha  charga  carrier  before  the  bottom 
of  ths  cylinder  is  rsached.  By  adjustment  of  tha  initial  pressures,  Pj 
end  P2,  it  is  possible  to  drive  ths  charga  holder  with  an  approximate 
sinusoidal  motion.  Figure  20(a)  shows  a  theoretical  plot  of  pressures  Pi 
and  P2  and  their  difference  (which  is  ths  driving  prsssurs)  as  a  function 
of  tha  platon  diuplacament .  Figure  20(b)  shows  a  plot  of  tha  system 
velocity  aa  a  function  of  displacement  for  a  typical  condition.  The  firing 
polnte  era  indicated  by  circles. 


Flgura  19.  Pnauiuatic  platon  machantam 
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One  of  the  key  elements  for  the  daBign  of  the  piston  Bystem  was 
the  latching  mechanism  which  would  allow  a  load  of  several  thousand  pounds 
to  be  released  in  a  reproducible,  reliable  manner  by  a  small  solenoid.  The 
elements  of  this  mechanism  are  shown  in  Figure  19. 

As  cited  above  the  object  of  the  piston  system  was  to  accelerate 
the  charge  carrier  rapidly  so  as  to  transverse  the  charge  separation 
distance  within  the  prescribed  time  and  yet  bring  the  mechanism  to  a  stop 
before  it  strikes  the  bottom.  Figure  21  is  an  oscilloscope  trace  which 
shows  output  of  a  photodiode  used  to  sense  when  the  charge  holder  was  in 
one  of  the  firing  positions.  The  signal  waB  obtained  by  placing  strips  of 
tape  across  the  charge  holders  in  such  a  manner  that  light  from  a  source 
Inside  the  channel  would  only  pass  at  the  time  that  each  respective  charge 
carrier  passed  through  the  firing  positions.  The  light  pulses  are 
approximately  11-ms  apart  which  indicates  that  the  displacements  and 
velocities  required  for  the  90  pulse/sec  repetition  rate  had  been  achieved. 
As  shown  in  Figure  20(b)  the  first  pulse  occurs  shortly  after  the  charge 
holder  has  started  its  motion.  The  second  pulse  occurs  at  the  time  of 
maximum  velocity,  and  the  third  pulse  occurs  close  to  the  end  of  the  stroke. 
The  bottom  trace  in  Figure  21  is  the  combined  output  from  the  three  firing 
circuits.  As  sho\  ,i  in  Figure  19,  the  firing  signals  are  derived  from 
cam-actuated  micr  .switches  which  are  deflected  by  the  head  of  the  piston 
rod  as  the  asBemhl.  moves  downward.  Actuation  of  the  microswitch  fires 
a  Billcon-controile<  rectifier  (SCR)  which  discharges  a  capacitor  charged 
to  300  volts  through  the  blasting  cap.  The  light  pulses  shown  in  Figure 
21  after  the  first  three  firing  pulBes  are  due  to  oscillations  of  the 
charge  carrier  about  the  bottom  firing  position  as  its  motion  is  damped 
out  and  it  approaches  an  equilibrium  position  where  the  pressures  are 
balanced. 


10  ms/cm 


Figure  21.  Oscilloscope  traces  ahowing  photodiode  output 
indicating  charge  carrier  locations 
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3 .  Experimental  Work 


The  apparatus  was  tested  firBt  by  firing  slnf Le  charges  in  the 
various  ports  of  the  charge  carrier  to  test  the  triggering  mechanism.  The 
charges  were  fired  at  the  approximate  conter  of  the  channel  and  produced 
pulses  of  the  magnitude  expected  for  the  1. 0-tesla  magnetic  field  The 
charge  carrier  was  then  tested  with  two  and  three  charpes  in  place  with 
only  minor  mechanical  damage  to  the  charge  holders.  The  first  electrical 
test  firing  of  the  three  charges  into  the  channel  was  i  omewhat  dis¬ 
appointing,  both  because  of  triggering  problems  and  because  it  was  not 
possible  to  record  anything  more  than  a  slight  voltage  disturbance  (5  to 
10  volt  output  in  place  of  the  800  volts  expected  at  the  times  the  second 
and  third  charges  detonated)  . 

It  was  necessary  to  change  the  oscilloscope  trigger  circuit  to 
the  blasting  cap  firing  signal  because  the  trigger  electrode  which  is 
normally  used  in  this  type  of  experiment  was  now  outside  of  the  region 
containing  the  magnetic  field.  This  occurred  because  it  was  necessary  to 
move  the  channel  entrance  outside  of  the  magnetic  coil  system  to  accommodate 
the  firing  mechanism  and  blast  tank  which  would  not  fit  into  the  magnet 
gap.  This  detail  is  shown  in  Figure  22. 

The  oscilloscope  trace  for  a  typical  first  pulse  is  shown  in 
Figures  23(a)  and  23(b)  .  The  delay  at  the  beginning  of  the  Bweep  is 
because  of  the  time  taken  for  the  blasting  cap  to  detonate  after  the  SCR 
is  fired  and  for  the  detonation  products  to  travel  from  the  explosive 
charge  to  the  beginning  of  the  electrode.  A  low  magnetic  field  at  about 
0.3  tesla  1b  present  in  the  region  upstream  from  the  magnet  pole  faces 
because  of  the  presence  of  an  Iron  support  structure  outside  of  the  channel 
which  was  used  to  position  the  multiple-charge  apparatus.  This  causes  a  low 
voltage  output  signal  prior  to  the  main  pulse,  The  bottom  trace  in  Figure 
23(a)  is  the  voltage  to  ground  of  one  of  the  electrodes.  This  trace 
suggests  breakdown  of  one  of  the  electrodes  to  ground  about  30  microsec 
after  the  start  of  the  main  pulse.  The  magnetic  field  for  the  shot  was  1.0 
tesla  and  the  load  resistance  was  0.2S0  ohms.  The  lower  trace  In  Figure 
23(b)  shows  the  voltage  output  of  a  typical  second  pulse. 

To  investigate  the  reason  why  the  second  and  third  pulses  were 
greatly  reduced  in  amplitude,  several  series  of  tests  were  conducted. 

Physical  examination  of  the  face  plates  and  pressure  transducer  measure¬ 
ments  disclosed  that  the  charges  were  being  fired  at  the  proper  time.  This 
ruled  out  the  possibility  that  the  blaBt  wave  created  by  the  first  charge 
was  being  reflected  from  the  face  plAte  and  was  destroying  or  disturbing 
the  other  charges.  Tests  made  with  the  second  and  third  charges  disconnected 
from  the  firing  circuit  showed  that  the  charges  were  capable  of  withstanding 
the  Impulse  loading  and  were  neither  damaged  nor  forced  backward  out  of  the 
charge  holder  by  the  previous  detonation  even  though  measurements  with  the 
pressure  transducer  showed  that  the  pressure  on  the  face  opposite  the 
unexploded  chargee  was  about  1000  psi.  With  damage  to  the  charge  carrier 
ruled  out,  several  other  possible  reasons  for  the  low  performance  were 
investigated . 


FIRST  PULSE 
200  v/cm 


50  H  aoc/cm 


Figure  23(a).  Voltage  output  for  a  typical  first  pulse  (lower 
trace  gives  voltage  to  ground  of  bottom  elec¬ 
trode  and  shows  breakdown) 


50  ft  sec/ cm 


Figure  23(b)  . 


Voltage  output  for  typical  first  and  second  pulses 
showing  degradation  of  output  for  second  pulse 


At  first  it  was  thought  that  the  Bidawalls  of  the  channel  might 
become  covered  by  soot  from  the  first  charge  and  thus  aet  up  n  dlscluirp.p 
circuit  in  parallel  with  the.  external  load.  This  would  allow  a  lai:  o 
current  to  circulate  inside  the  generator  instead  of  going  through  the 
load  and  veduco  the  power  output.  In  previous  experiments,  the  channel  had 
always  been  cleaned  by  swabbing  it  out  with  an  acetone-soaked  rag  to  remove  the 
carbon  deposit  between  shots.  For  this  reason  teats  were  made  with  a 
"dirty"  channel  on  a  single- shot  basis  using  the  old  breech  block. 

Figure  24  is  an  oscilloscope  trace  showing  the  output  from  the  "dirty" 
channel.  This  may  be  compared  directly  with  the  trace  shown  in  Figure  23(a) 
which  is  for  the  "clean"  channel  under  the  sumo  conditions.  It  is  Been 
that  there  is  some  reduction  in  output  if  the  channel  1h  not  cleaned 
between  shots.  Figure  25  Bhows  the  reaultB  of  a  number  of  testa  made  in 
this  series  plotted  In  the  form  of  a  current-voltage  plot.  It  1b  seen 
that  the  effect  of  not  cleaning  the  channel  was  the  greatest  in  the  region 
of  maximum  power  output  but  that  for  the  open  circuit  and  short  circuit 
condition,  cleaning  of  the  channel  did  not  materially  chunge  the 
characteristics.  In  fact,  for  one  shot  with  the  12-milliohm  load,  the 
highest  current  was  measured  using  the  "dirty"  channel.  While  this  is 
indeed  an  interesting  effect  and  something  that  must  be  considered  in  the 
design  of  a  rcpet.itiously  pulsed  channel,  it  was  not  the  cause  of  the 
great  discrepancy  in  output  which  was  observod  when  the  second  and  third 
shots  were  fired. 


Figure  24.  Output  from  "dirty"  channel 


It  was  found  that  if  the  time  between  pulses  was  markedly 
increased  (if  the  charges  were  fired  several  minutes  upart),  the  second 
and  third  charges  were  capable  of  producing  the  output  voltages  expected 
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Figure  25.  Current -voltage  plot  of  test  results  obtained  when 
channel  was  not  cleaned  after  each  shot,  compared 
to  normal  cleaning 


for  a  channel  being  fired  at  the  pressure  then  existing  in  the  channel. 
Measurements  showed  that  the  pressure  In  the  system  would  come  to 
equilibrium  at  a  pressure  about  12  torr  higher  after  each  charge  was  fired. 
This  meant  that  the  quantity  of  gaa  generated  by  the  detonation  of  the 
charge  was  sufficient  to  fill  the  vacuum  chamber  which  had  a  volume  of 
0.65  m-3  to  pressure  of  12  torr.  In  a  typical  run,  firing  the  first 
charge  with  a  static  pressure  of  2  torr  produced  a  700-volt  output  into  a 
0. 25-ohm  load.  The  second  charge  fired  at  15  torr  produced  400  volts  and 
the  third  charge  fired  at  27  torr  produced  130  volts,  These  results 
suggested  that  a  high  transient  pressure  in  the  channel  at  the  time  of 
firing  the  second  and  third  charges  was  the  reason  for  the  decreased 
output . 


To  estimate  the  pressure  in  the  channel  at  the  time  of  the  firing 
of  a  second  pulse,  measurements  were  made  with  the  pressure  transducer 
installed  at  the  upstream  end  of  the  channel.  Figure  26  shows  the  pressure 
as  a  function  of  time  in  the  channel  when  fired  with  the  charge  in  the 
solid  breech  block.  The  peak  pressure  is  approximately  3  x  105  torr  and 
the  pressure  decays  with  an  initial  time  constant  of  several  milliseconds 
which  increases  with  time,  suggesting  that  the  gaseB  are  being  cooled  down 
and  the  speed  of  sound  in  the  channel  is  changing.  A  complex  system  of 
pressure  and  rarefaction  waves  within  the  channel  1b  suggested.  Figure  27 
is  a  similar  plot  showing  the  pressure  transducer  data  when  the  charge  is 
fired  in  the  multiple-charge  apparatus.  Because  of  the  fact  that  the 
gases  cart  flow  out  both  ends  of  the  channel  rather  than  being  confined  at 
one  end  as  is  the  case  when  the  breech  block  is  used,  the  average  pressure 
decay  rate  is  much  greater,  approximating  700  microsec. 

To  test  the  residual  pressure  hypothesis,  a  surles  of  tests  was 
performed  wherein  the  period  of  time  between  the  firing  of  the  charges 
was  varied  by  changing  the  pressure  in  the  driving  mechanism  reservoir 
(See  in  Figure  16) .  Figure  28  Is  a  plot  showing  the  time  after  firing 
the  first  pulse  for  the  second  and  third  pulses  as  a  function  of  reservoir 
pressure,  P^,  with  P£  at  atmospheric  pressure,  Figure  28  shows  that  the 
third  pulse  can  be  delayed  for  times  of  up  to  500  ms  by  the  proper  choice 
of  Pi .  These  data,  shown  by  circles  and  squares,  were  taken  in  dry  runs. 

When  the  apparatus  was  operated  with  explosive  charges,  the  times  were 
changed  slightly  as  shown  by  the  crosses.  This  suggests  that  a  slight 
widening  of  the  charge  carrier  occurs  when  the  charges  are  fired,  which 
Increases  the  friction  on  the  side  rails  and  slows  down  the  charge  carrier 
slightly.  Using  the  time  delays  generated  in  this  fashion,  the  data  shown 
in  Figure  29  were  obtained.  We  have  plotted  the  magnitude  of  the  third 
pulse  as  a  function  of  delay  time.  It  is  possible  to  fit  this  data  with 
an  exponential  function  which  suggests  a  pressure  equilibration  time  constant 
of  roughly  12  ms. 

To  determine  the  effect  of  the  static  pressure  on  the  output 
characteristics,  a  series  of  tests  was  conducted  with  the  charge  carrier  being 
moved  by  hand  between  shots.  The  pressure  in  the  channel  was  measured  and 
recorded  after  each  shot  when  the  pressure  had  equalized  throughout  the 
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PRESSURE  (ARB 


Figure  27.  Pressure  aa  a  function  of  time  whan  charge  is  ?ired 
in  multiple-charge  apparatus 
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recovery  of  generator  output  as  a  function 
;  after  previous  shot 
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system.  Figure  30  shows  the  output  voltage  as  the  funotion  of  the  Initial 
pressure  in  the  channel  for  loads  of  1000  ohms,  0.25  ohms,  and  0.012  ohms. 

For  the  0.012-ohm  experiment,  the  channel  pressure  had  to  be  adjusted  by 
pumping  between  pulses  so  as  to  obtain  the  data. 

It  is  seen  that  the  degradation  of  output  with  pressure  is  largest 
for  the  low-resistance  louds  and  that  the  output  is  reduced  in  an  exponential 
fashion  with  initial  pressure.  Using  the  exponential,  relationa  ohown  in 
Figure  30,  it  is  possible  to  construct  a  theoretical  current-voltage 
characteristic  for  the  channel  with  various  initial  pressures.  Such  a 
characteristic  is  shown  in  Figure  31.  Experimental  data  taken  at  3,  10, 
and  30  torr  seem  to  match  the  model  quite  well.  The  significance  of  this 
plot  is  that  in  this  configuration,  where  the  charge  is  fired  some  distance 
away  from  the  magnetic  field-containing  region,  there  Is  a  marked  decrease 
in  power  output  as  a  function  of  initial  pressure.  From  the  theoretical 
vcltage-current  curves,  it  is  possible  to  estimate  the  maximum  power  output 
which  could  be  generated  with  a  given  initial  pressure  in  the  channel, 

Such  a  curve  is  shown  in  Figure  32.  This  indicates  that  30-torr  initial 
pressure  would  reduce  the  maximum  power  output  by  several  orders  of 
magnitude,  which  is  in  agreement  with  the  experimental  observation.  It  should 
be  noted  that  Figure  32  is  based  on  matching  the  generator  to  the  load  to 
achieve  maximum  power  output . 

To  summarize  the  pressure  effect  results,  we  have  plotted  the 
pressure  transducer  data  shown  in  Figures  26  and  27  as  Figure  33.  The 
data  taken  with  the  multiple-pulse  apparatus,  which  is  open  at  the  up¬ 
stream  end,  shows  a  rapid  decrease  in  the  pressure.  The  data  taken  with 
the  upstream  closed  by  the  breech  block  is  the  curve  labeled  "single 
confined  charge".  We  may  use  the  factor  of  two  reduction  in  output  for 
the  100-ohm  case  shown  in  Figure  29  to  estimate  that  the  pressure  of  the 
residual  gases  in  the  channel  10  ms  after  firing  the  previous  charge  is 
50  torr.  This  point,  which  is  plotted  in  Figure  33  at  the  10-ms  time,  is 
consistent  with  the  pumping  speeds  expected  during  the  transition  period 
as  the  gases  are  cooling  down.  It  should  be  noted  that  the  data  in  Figure 
27  was  taken  with  the  charge  carrier  slide  stationary  so  that  the  gases 
could  be  vented  through  the  open  hole,  whereas  in  actual  operation  the 
slide  carrier  would  be  moving  during  this  period  and  would  offer  some 
restriction  to  the  flow  of  gases  through  the  upstream  end  of  the  channel. 
Therefore,  we  should  expect  the  pressure  profile  to  be  somewhere  inter¬ 
mediate  between  the  two  statically  fired  cases.  The  data  point  taken  from 
the  reduction  in  output  with  the  100-ohm  load  is  consistent  with  this 
hypothesis . 

The  effect  of  the  residual  channel  pressure  on  the  generator 
performance  is  shown  in  Figure  34(a)  which  is  a  plot  of  the  voltage  output 
for  three  initial  pressures  (3,  6,  and  30  torr).  The  load  for  the  upper 
curve  was  100  ohms,  while  for  the  lower  two  curves  the  load  was  0.250  ohms. 
Figure  34(b)  is  a  plot  of  the  magnetic  induction  as  a  function  of  axial 
position  along  the  channel.  The  voltage  data  was  derived  by  making  an 
approximate  transform  from  the  time  frame  to  the  distance  frame  by 
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Figure  33.  Summary  of  pressure  effect  results  (based  on 
Figures  26  and  27) 
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Figure  34(a),  Plot  of  voltage  output  for  three  initial  pressures 
(3,  6,  and  30  torr) {  load  for  upper  curve  was 
100  ohmaj  lower  two  curved,  0.230  ohms 
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Figure  34(b).  Plot  of  magnetic  induction  as  a  function  of  axial 
position  along  the  channel 


determining  the  velocity  of  the  conductive  plasma  region  as  a  function  of 
distance  along  the  channel.  Since  the  load  resistance  is  high,  the  voltage 
output  of  the  channel  is  roughly  proportional  to  the  plasma  velocity. 

The  upper  curve  for  100  ohms  at  3-torr  initial  pressure  could  be  considered 
as  close  to  theoretical  performance.  Figure  34(b)  illustrates  the  relative 
distance  of  the  explosive  charge  from  the  magnetic  field  region  and  the 
effect  of  the  iron  plates  which  were  used  to  support  the  multiple-charge 
apparatus.  As  the  initial  pressure  1b  increased,  the  voltage  output 
decreases.  In  particular,  the  30-torr  initial  pressure  curve  (Figure  34(a)) 
shows  the  plasma  velocity  decreasing  as  the  detonation  products  move  down 
the  channel,  presumably  because  of  the  mass  of  gas  which  muat  be  accelerated 
in  front  of  the  detonation  products  thus  increasing  the  entropy  of  the 
system. 

4 .  Conclusions 

The  development  of  a  multiple-charge  feeding  apparatus  using  high 
explosives  as  the  energy  source  was  shown  to  be  feasible.  The  mechanical 
objectives  of  the  program  which  called  for  the  attainment  of  a  pulse 
repetition  rate  of  90  pulsaa/sac  were  achieved,  The  electrical  output  of 
the  first  pulse  of  the  series  was  of  the  magnitude  expected;  however,  there 
was  a  severe  degradation  of  output  if  the  apparatus  were  operated  at  the 
design  pulse  repetition  frequency.  It  was  found  that  the  reaeon  for  the 
degradation  of  electrical  output  was  that  aftar  10  ms  an  axceaalva  quantity 
of  residual  gases  lumained  in  the  channel  from  the  previous  pulsed.  Because 
the  explosive  feeding  mechsniam  had  to  be  located  at  some  distance  from 
the  magnetic  field  regiou,  this  effect  was  accentuated,  While  the  per¬ 
formance  of  the  system  might  be  improved  slightly  by  operating  with  batter 
vacuum  at  the  upstream  and  downstream  ands  of  the  channel,  it  is  primarily 
the  thermodynamic  properties  of  the  gases  within  the  channel  that  determine 
the  spaed  at  which  they  will  flow  out  the  open  ends.  Since  the  gases 
cool  rapidly  and  the  speed  of  sound  decreases,  it  is  sstlmsted  that  times 
of  the  order  of  30  to  30  ms  between  pulses  would  be  needed  to  allow  the 
channel  pressure  to  return  to  a  level  that  would  not  seriously  degrade  the 
power  output.  This  would  suggest  that  a  rate  of  10  or  20  pulses/ssc  would 
be  moro  appropriate  for  a  repetitively  pulsed,  explosive-driven  MHD  generator 
system. 

It  was  also  detsrmlnsd  that  the  residual  carbon  left  by  tha 
under-oxidised  explosives  built  e  dsposit  in  the  channel  which  resulted 
in  e  reduction  of  power  output,  However,  because  of  tha  high  velocity 
of  the  detonation  products,  it  is  expected  that  this  buildup  would 
stabilise  at  a  small  thickness  after  several  shots  and  that  this  effect 
could  be  compensated  for  in  the  design  of  an  apparatus  by  proper  choice  of 
dimensions  end  increase  in  magnetic  field. 

Aside  from  the  pressure  effects  cited  above,  which  place  an  upper 
limit  on  pulse  repetition  frequency,  end  th*  carbon  deposit  problem,  there 
appear  to  be  no  major  obstaclea  to  the  construction  of  repetitively  pulsed, 
explosive- driven  generator  systems  to  operate  over  a  wide  range  of  energy 
outputs. 
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SECTION  III 


MAGNETICALLY  LOADED  MHD  EXPLOSIVES 
A.  INTRODUCTION  AND  SUMMARY 

The  goal  of  this  phase  of  the  program  was  to  investigate  the  concept 
of  generation  of  pulsed  electrical  power  which  occurs  when  a  moving,  con¬ 
ductive  detonation  head  of  a  condensed  high-explosive  interacts  with  a 
crossed  magnetic  field.  This  field  may  be  provided  by  polarized  permanent 
magnet  particles  dispersi  in  the  explosive  to  form  a  magnetically  loaded 
explosive,  The  results  o>  ained  to  date  using  various  metallic  dopants  to 
improve  the  conductance  of  the  moving  detonation  zone  indicate  that  the 
basic  idea  is  technically  feasible  at  the  present  state-of-the-art.  An 
inexpensive,  reliable  generator  can  be  constructed  of  presently  available 
materials  with  known  techniques.  The  moBt  efficient  device  will  result 
from  an  optimization  considering  basic  explosive  conductivity,  magnetic 
material  fraction,  and  magnetic  energy  density  for  the  application  under 
study. 


1 .  Summary  of  Conductance  Measurements  -  Phase  I 

Construction  of  the  test  facility  was  initiated  during  April 
1966  and  the  first  series  of  experiments,  which  were  measurements  of  the 
electrical  conductance  of  the  detonation  zone,  was  started  in  June  1966. 
These  tests  used  commercial  Detasheet  explosive,  which  is  primarily  PETN 
in  an  organic  binder,  doped  with  various  percentages  of  spherical  copper 
powder.  These  were  followed  by  a  Bimilar  series  using  spherical  Type  316 
stainless-steel  powder.  Conductance  ratios  (pure  Detasheet  versus  doped 
Detasheet)  and  velocity  decrease  due  to  doping  we-e  measured.  Very 
significant  increases  in  conductance  (roughly  two  orders  of  magnitude 
maximum)  were  obtained  depending  on  the  conductivity  of  the  dopant,  When 
the  velocity  data  and  conductance  data  are  combined  to  form  a  magnetic 
Reynolds  number,  the  maximum  magnetic  Reynolds  number  apparently  occurs  near 
80  percent  metal  fraction  by  weight.  On  the  basis  of  these  experiments, 
it  was  estimated  that  a  magnetic  Reynolds  number  of  about  10  could  be 
attained. 


After  completing  the  conductance  experiments  with  copper  and 
Type  316  stainless-steel,  iron  powder  was  tried.  The  first  series  used 
sponge  iron,  which  is  essentially  finely  ground,  rolling  mill  scale 
reduced  by  hydrogen.  The  particles  are  angular,  not  spherical.  The 
results  indicated  a  conductance  increase  almost  identical  to  copper-doped 
charges.  Spherical  iron  powder  from  another  supplier  was  also  tried. 

The  results  were  disappointing  with  this  material.  The  conductance  in¬ 
crease  was  similar  to  that  of  Type  316  stainless-steel.  It  was  suspected 
that  the  difference  in  results  when  using  two  different  types  of  iron  was 
due  to  the  fact  that  the  spherical  iron  had  a  size  distribution  heavy  in 
fine  particles.  Screening  tests  on  both  the  sponge  and  spherical  iron 
powders  confirmed  the.  fact  that  the  spherical  powder  had  half  of  ita 
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weight  in  particles  less  than  325  mesh.  A  mixture  was  made  of  spherical 
particle  sizes  that  duplicated  the  distribution  of  the  sponge  iron; 
several  shots  were  fired,  but  still  no  Improvement  in  conductance  was 
noted.  Physical  examination  of  both  iron  powders  under  a  high-power 
microscope  indicated  that  both  types  of  particles  were  equally  bright  and 
free  of  oxide,  but  differed  only  in  particle  shape,  which  would  indicate 
that  electrically  insulating  oxide  layers  were  not  a  factor  in  the 
difference  in  conductance.  We  must  tentatively  conclude  that  particle 
shape  is  an  important  factor  in  the  overall  conduction  process. 

Having  demonstrated  that  marked  improvements  could  be  made  in 
the  conductance  of  the  detonation  zone  In  Detasheet  by  the  addition  of 
metal  dopants,  a  series  of  power  generation  experiments  was  then  scheduled 
and  conducted. 


2 .  Summary  of  Power  Generation  Experiments  -  Phase  II 

The  power  generation  experiments  were  begun  in  September  1966. 

The  first  series  of  charges  were  composed  of  1/8- in. -thick  Detasheet  doped 
with  71.5-percent  spherical  copper.  A  steady  magnetic  field  of  about  0.7 
tesla  was  applied  transverse  to  detonation  direction.  The  scatter  in  the 
data  Indicated  thicker  charges  should  be  fabricated  and  that  the  data 
should  be  normalized  to  account  for  variation  in  geometry,  magnetic  field, 
and  detonation  velocity. 

The  next  series  used  Type  316  stainless-steel  in  Composition 
C-4  explosive  which  is  RDX  mixed  with  mineral  oil.  The  reaultB  of  these 
and  subsequent  power  generation  experiments  def:<  v  *ly  confirmed  the 
Phase  I  conductance  experiments,  showing  stainless -steel  inferior  as  an 
additive,  compared  to  copper, 

Sponge  iron  dopant  in  Composition  C-4  showed  the  highest  power- 
producing  ability,  with  open  circuit  potentials  three  times  greater  than 
when  using  spherical  additives,  and  with  load  currents  an  order  of  magnitudi 
greater.  The  Increased  voltage  can  possibly  be  explained  on  the  basis  of 
a  higher  particle  drag  coefficient  (shape  factor)  of  the  sponge  iron,  as 
discussed  in  connection  with  the  conductance  measurements.  The  superior 
currents  may  be  due  to  internal  electrical  field  changes  also  associated 
with  the  angular  shape. 

Plasma  magnetic  Reynolds  numbers  (R  )  deduced  from  the  Phase  II 
experiments  show  that  the  addition  of  metal  dSpants  has  Increased  the 
magnetic  Reynolds  numbers  of  the  detonation  zone  by  up  to  three  orders 
of  magnitude  into  the  range  of  1  to  10,  and  could  conceivably  be  even 
higher  for  optimum  conditions  of  parent  explosive,  additive,  and  fabrica¬ 
tion  technique. 

Calculations  indicating  the  size  of  a  device  for  generating 
50  Joules  for  20  microsec  are  also  included. 


B.  THEORY 


1 .  General  Principles 

Although  the  present  concept  of  pulse  chemical-to-electrical 
conversion  could  assume  numerous  physical  configurations  (2)  the  general 
features  of  all  embodiments  are  adequately  described  by  the  onc-dlmenslonal, 
direct-coupled  device  discussed  below.  To  understand  the  principle  in¬ 
volved,  an  equivalent  circuit  is  developed  and  analyzed.  This  analyois 
leads  to  the  conclusion  that  one  of  the  most  important  parameters  is  the 
magnetic  Reynolds  number.  The  effect  of  on  power  output  is  examined 
in  some  detail. 


a.  Operating  Description 

The  general  principle  of  operation  can  be  understood  by 
reference  to  Figure  35.  It  has  been  assumed  in  the  figure  that  an  initia¬ 
tion  train  has  produced  a  plane  wave  which  is  shown  advancing  at  rate  "D" 
into  the  magnetically  loaded  explosive.  For  simplicity  this  composite 
material  can  be  visualized  as  a  regular  array  of  spherical  magnetic  dipoles 
which  provide  a  magnetic  field  in  the  explosive-filled  gaps  between  spheres. 
This  is  similar  to  the  more  common  case  of  a  massive  permanent  magnet 
providing  a  magnetic  field  over  a  single  gap,  but  now  the  gap  Is  distribu¬ 
ted  throughout  the  volume  of  the  magnet.  The  lonized-zonc  products  possess 
a  forward  velocity,  which  interacts  with  the  magnetic  field  to  generate 
the  Farnday  Electromotive  Force  (EMF) .  Electrodes  in  contact  with  the 
composite  apply  the  EMI'  to  an  electrical  load.  The  current  flows  in  the 
direction  of  the  arrows  through  the  load  and  returns  through  the  electrodes 
and  the  ionized  detonation  zone,  ThiB  is  an  example  of  direct  coupling. 
Figure  35  is  schematic,  in  that  a  practical  device  would  not  terminate  In 
the  "B1'  direction  as  shown.  The  maximum  magnetic  field  in  the  distributed 
gap  will  result  when  "B"  is  large  and  the  ends  are  joined  to  form  a  two- 
dimensional  "Rowland  Ring".  In  this  embodiment  of  the  concept  into  a 
device,  the  electrodes  would  be  concentric  cylinders  with  magnetic 
material  in  between,  polarized  in  the  aximuthal  direction. 

Figure  36  indicates  the  general  nature  of  the  reaction 
process.  It  is  assumed  that  the  detonation  pressures  are  high  enough  to 
shock-heat  the  magnetic  dipoles  above  the  Curie  temperature,  which  is 
depressed  because  of  the  high  pressure.  The  magnetic  field  than  decays 
approximately  ut  an  exponential  rate  (6)  with  a  time  constant  given  byt 

T  -tfj,  jud^.  2 

The  conductivity,  o-c,  for  contemplated  magnetic  materials  is  around 
10  mho/m;  particle  size,  d,  could  bu  anywhere  between  microns  and  a 
millimeter,  Multiplying r  by  the  detonation  rate,  D,  yields  a  length 
which  is  the  characteristic  distance  buhind  thu  detonation  front  for  the 
decay  of  the  magnetic  field.  For  the  anticipated  vsluus  of  D  this 
distance  is  around  10  cm,  much  longer  than  the  expected  detonation  none 
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Figure  36.  Simplified  cross  section  of  one- 
dimenslontl  detonation  process 


width  a  .  Hence,  for  large  particles,  one  can  visualize  that  the  con¬ 
ducting  detonation  products  are  in  an  approximately  constant  magnetic 
field.  With  very  fine  particles  the  situation  is  not  so  clear.  If  the 
individual  particles  were  in  free  space,  the  magnetic  field  would  decay 
at  a  very  fast  rate  because  of  the  dependence  on  d  .  However,  they  are 
closely  packed  in  a  weakly  conductive  medium  so  the  decay  rate  is  in¬ 
fluenced  by  the  presence  of  the  other  particles  or  the  effective  size  is 
larger  than  the  Individual  particle  size.  What  is  important  is  the  volume 
fraction  of  magnetic  material. 

The  detonation  wave  proceeds  into  the  composite,  changing 
the  explosive  to  a  hot,  high-density  gas  which  has  an  electrical  con¬ 
ductivity  many  orders  of  magnitude  leas  than  that  of  the  included  metal 
particles.  The  conductivity  of  the  gas  increases  rapidly  with  passage  of 
the  detonation  wave  and  maintains  a  fairly  steady  value  in  the  detonation 
cone,  than  decays  rapidly  as  the  gas  expands  and  cools.  Due  to  the  pre¬ 
sence  of  the  metallic  particles,  the  conductivity  of  the  whole  mixture 
could  be  higher  than  that  of  the  gas  phase  alone. 


5 


b. 


Equivalent  Circuit  and  Power  Output 


Instead  of  deducing  the  output  of  such  a  device  «•  shown 
in  Figure  35  based  on  the  microscopic  processes  of  Figure  36,  an  overall 
microscopic  circuit  approach  proves  expedient  and  accurate  provided 
several  "averaging"  parameters  are  included.  Figure  37  shows  the  equlva- 
lent  electrical  circuit  for  the  direct -coupled  device  of  Figure  35  and 
illustrates  the  salient  features  of  any  contemplated  configuration:  that 
is,  a  voltage  is  generated  by  the  U  x  B  interaction  and  by  changes  in  the 
geometry  of  the  magnetic  material. 


Figure  37.  Equivalent  electrical  circuit  for  direct  coupling 


In  conventional  pulaed-MHD  generator  action,  most  of  the 
voltage  is  generated  as  the  slug  of  plasma  Interacts  with  the  initial 
magnetic  field,  B.  Usually,  Induced  magnetic  fields  are  negligible 
(magnetic  Reynolds  number,  Rg,  is  much  less  than  unity).  On  the  other 
hand,  existing  explosive-electric  transducers,  such  as  the  ferromagnetic 
and  flux  trapping  (7)  (8)  ($|)  (10)  and  (11),  generate  power  solely  by  the 
change  in  inductance  and  generally  depend  on  high  R^.  It  is  expected 
that  this  device  will  fall  somewhere  between  the  two  extremes,  with  power 
coming  both  from  U  x  B  and  rate  of  change  of  Inductance;  however,  from  a 
preliminary  knowledge  of  the  dynamics  of  detonation,  it  is  assumed  that 
will  be  low,  Since  R_  controls  the  coupling  between  the  hydrodynamic 
and  electrical  aspects  of  the  process,  no  coupling  is  assumed,  at  least 
initially.  This  allows  solving  the  elsctrlcal -circuit  equations  using  a 
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steady-state  detonation  Velocity  and  detonation- acne  properties  that  are 
not  function!  of  the  electrical  current. 

The  characteristics  of  the  detonation  proceaa  teiult  from 
combining  the  hydrodynamic  conaetuation  equations  and  an  equation  of  state 
as  discussed  quite  well  by  Zoldovlch  and  Kompaneets  (12).  This  problem 
will  not  be  discussed  further.  Rather,  the  detonation  steady  eone  is 
assumed  to  have  a  given  pressure,  temperature,  composition,  electrical 
conductivity,  and  shape.  This  cone  moves  into  the  undetonated  composite 
at  a  fixed  velocity,  D,  with  actual  particle  velocities,  U,  of  magnitude 
D/4.  Any  deviations  of  velocity  can  be  absorbed  into  the  adjustment 
parameter,  a  • 


The  Kirchhoff  voltage  equation  for  the  circuit  of  Figure 

37  1st 

fl  D  B«  ■  1  i  -  1  H  +  L  i  3 

where  a  "  effective  particle  Velocity /detonation 
velocity  1/4 
D  -  detonation  velocity 
B  -  magnetic  field  intensity 
I  -  circuit  currant 
L  ■  circuit  inductance 

R  »  circuit  resistance  ■  plasma  resistance  plua 
load  resiatance  »  R^  +  R^, 

It  ia  assumed  that  the  load  is  resistive  only  since  any 
complex  reactance  (mainly  inductive)  can  ba  lumped  with  the  inductance,  L. 
By  necessity  of  ths  configuration,  the  inductance  of  the  circuit  ia 
decreasing  with  time  and  L  ia  negative ;  thus,  both  terms  on  the  left  era 
sources  of  voltage  equivalent  to  the  voltage  losses  on  the  right. 

Eqvtacion  3  can  be  integrated,  but  the  general,  solution  is 
cumbersomo  for  the  present  purpose,  A  simplification  can  be  made  by 
comparing  the  L  reactance  with  the  resistance,  R.  For  ths  configuration 
of  Figure  33,  the  inductance  is  approximately  given  by t 
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whore  the  dimension  are  as  In  Figure  36.  We  have  neglected  end  effects 
In  the  "B"  direction  (b— ►  00;  c  ie  the  value  of  c  at  t  *  0). 
Differentiating  Equation  4  gives? 

L  ■  M  (e/b)  c  *  -  (l(e/b)  D  5 

The  resistance,  R,  is: 
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where  any  geometrical  fringing  is  lumped  into  the  "effective"  conduction 
sons  width,  a  ,  The  ratio  of  reactance  to  resistance  yields: 


7 


<ri  b 


which  for  the  short-circuit  condition  yielding  minimum  total  resistance 
(R^  ■  0),  Equation  7  becomes: 


/iv  a  D 


m 
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which  is  the  magnetic  Reynolds  number  of  the  interaction. 

-  It  is  expected  that  basic  electrical  conductivity,  <r  ,  will 
be  about  10_  mho/m  (Refar  to  paragraph  3.);  the  effective  detonation  sons 
thickness,  a,  is  on  the  order  of  a  centimeter,  or  1(>  m,  For  maximum 
magnetic  field  in  the  distributed  gap,  the  magnetic  material  will  initially 
be  at  b  along  the  minor  hysterals  loop  should  bu  about  3  b 

for  any  contemplated  material  (Refer  to  subparagraph  2,).  D  will  be  on° 
the  order  of  3  km/sec.  Thus,  R  la  on  the  order  of  1/3  and  will  bo  less 
for  a  finite  load  resistance  orma  magm  "lc  matsrlel  having  a fx  lass  than 
3  Q>  A  valua  for  R^  of  0.1  is  raaaonebla  for  tha  praaant  analysis. 

Thus  nsglactlng  X  L  compsrtd  to  a  B  Da  in  Equation  3  is 
Justified,  By  omitting  it,  Equation  3  becomes t 


t  +  -jj-  1  ■  (Rb  <<\) 
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This  is  recognized  as  a  first-order  linear  differential  equation.  An 
integrating  factor  is: 

exp  / dt  10 


where  R  is  as  Burned  constant  and  L  is  given  by  Equation  4;  a  ,  B,  D,  and  e 
are  also  constant.  Solving  Equation  9  for  1  is  accomplished  by  standard 
techniques;  therefore,  the  final  result  only  is  given  (13).  With  the  initial 
condition  that  I  ■  0  at  t  ■  o,  there  results: 


I 


a  B  De 


R 


1 


<<D 
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This  expression  is  drawin  in  Figure  38  for  ■  0.1.  For  small  com* 
pared  to  1,  the  Becond  term  in  brackets  goesto  zero  in  a  small  fraction  of 
total  event  time,  t  ■  cq/D.  This  leaves  a  steady-state  current: 


Figure  38.  Load  current  versus  time  for  the  circuit  of  Figure  36 
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If  Che  inductive  term,  IL,  ia  included  in  Equation  3,  then 
the  exponent  in  Equation  11  become*  i/R  -  1  instead  of  1/R  .  The  charac¬ 
ter  of  current  versua  time  changea  as  Rm  increaaea  paat  1,  "The  current 
will  riee  continuously  as  the  inductance  decreases.  For  very  large  values 
of  R  ,  essentially  all  the  Initial  magnetic  flux.  BA,  ia  trapped;  or  in 
the  lord®  defining  R  ,  the  magnetic  flux  is  transported  ahead  of  the 
advancing  conductiveaetonation  wave  instead  of  diffusing  through  it  (14). 
Figure  38  also  shows  the  current  for  R  ■  2  and  R^  ■  CO  •  In  this  case, 

1  is  the  initial  equivalent  surface  current,  HQbv  due  to  the  permanent 
magnetization. 

1)  Power  and  Efficiency,  R  <<1 

m 


Consider  the  electrical  power  output  of  the  circuit  in 
Figure  37  in  the  low  R  case  after  the  steady-state  current,  IQ,  is  attained. 
It  is  known  from  elementary  circuit  theory  that  for  maximum  power  transfer 
to  the  load: 


Rp  -  RL  -  e/ffab.  13 

2 

The  power,  K,  delivered  to  the  load  is  I  R^,  which  for  this  matching 
condition  reduces  to: 

K  "  T<*2  B2  p2  (  a  b  e)  14 

4 

where  a  b  e  is  the  effective  volume  of  the  conducting  detonation  products. 
A  useful  figure  of  merit  is  the  power  per  unit  cross  section  undergoing 
detonation,  or  K/be,  Putting  the  following  expected  values  of  the 
parameters  into  Equation  14  results  in: 


K/be  ' 

■  10^  w/m^ 

15 

where  ■ 

103  mho/m 

B  - 

1.5  tesla 

D  - 

5  km/sec 

a  ■ 

-2 

10  m 

For  example 
an  idea  of 

,  a  device  0.1  m  on  a  side  should  produce  100  kw. 
the  efficiency  of  this  power  conversion,  consider 

To  obtain 
the  rate  at 

which  magnetic  energy  stored  in  the  undetonated  material,  M,  is  decreased 
by  virtue  of  the  detonation  process.  The  rate  per  unit  area,  M/be, 
equals  (BH)D;  (BH)flis  on  the  order  of  0.1  joule/co,  and,  again  D  ■  5  km/sec. 
Thus  M/be  *  5  x  10°  w/m  . 
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The  ratio  of  electrical  power  generated  to  magnetic  energy 
destroyed  is  then  K/M,  which  can  be  considered  an  efficiency,  call  it  i^. 

%  -  K/M  -  *  °2B2D  a 

4  (BH)  16 

on  the  order  of  one  or  two  percent. 

Another  comparison  can  be  made  with  the  rate  of  chemical  energy 
liberated.  Even  with  a  composite  that  is  20  percent  by  volume  explosive, 
the  chemical  energy  density  is  over  1  kj/cm  ,  Comparing  thiB  with  the  K 
of  Equation  14  shows  an  efficiency  based  on  rate  of  liberation  of  chemical 
energy  is  so  low  as  to  be  meaningless. 

2)  Power  and  Efficiency,  >  1 

Since  power  delivered  to  the  load  is  proportional  to 
I  ,  it  is  seen  from  Figure  38  that  greater  power  is  produced  when  the 
magnetic  Reynolds  number  is  increased.  Hie  energy  conversion  efficiency, 
can  be  1  or  more  as  Rm  increases  past  1.  In  Reference  (10)  the  device 
of  Besanqon,  et  al.,  showed  magnetic-energy  recovery  factors  of  1000. 
Magnetic  flux  is  not  passed  over  but  gathered  up  and  compressed  by  the 
current  sheet  in  the  ionised  zone.  As  the  flux  is  transported  forward 
and  contained  in  a  smaller  area,  B  increases,  offering  a  higher  magnetic 
pressure  for  the  detonation  products  to  work  against;  but  the  detonation 
pressures  are  still  orders  of  magnitude  higher  than  any  realistic  magnetic 
pressure  even  with  Rn>l,  Hence,  the  hydrodynamics  of  the  process  should 
remain  unchanged;  that  is,  the  detonation  rate,  D,  should  not  slow  down. 

For  this  same  reason,  the  amount  of  electrical  energy  obtained  will  otill 
-  be  a  small  fraction  of  the  initial  chemical  energy. 

» 

I  It  now  appears  that  the  best  way  to  obtain  the  maximum 

i  output  from  this  technique  is  to  make  the  composite  mostly  magnetic  material 

t  with  Just  sufficient  explosive  present  to  maintain  a  steady  rate  of  det,ona- 

j  tion.  The  restriction,  of  course,  being  that  the  conductivity  and  velocity 

l  of  the  detonation  area  are  sufficient  to  make  Rm  >1. 

No  matter  which  limit  of  magnetic  Reynolds  number  is 
assumed,  electrical  power  and  energy  will  be  produced.  Because  the  high 
Rm  case  offers  such  tremendous  increases  in  power,  the  process  should  be 
examined  with  the  thought  of  achieving  operation  in  this  regime. 

2.  Magnetic  Materials 

The  microscopic  reaction  zone  process  1b  admittedly  complex, 
Microscopic  difficulties  were  circumvented  by  taking  the  larger  macroscopic 
view;  averaged  quantities  were  assumed.  It  is  the  main  purpose  of  this 
presentation  to  establish  the  averaged  magnetic  material  properties,  such 
as  the  value  of  fi  to  use  in  determining  R,,,  in  Equation  8.  The  use  of 
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magnetic  materials  dispersed  in  a  nonmagnetic  matrix  is  an  established 
practice,  so  the  following  is  intended  as  a  brief  review  of  proven  con¬ 
cepts  applicable  to  the  present  problem. 

a.  Permanent  Magnetism 

The  origins  of  the  magnetic  properties  of  metals  reside 
with  the  intrinsic  spin  of  the  electrons  orbiting  the  individual  atom. 

Each  atom  has  a  magnetic  moment  depending  on  the  arrangement  of  electron 
spins  in  certain  electron  shells.  In  the  metals  iron,  nickel,  and  cobalt, 
and  their  alloys,  a  mechanism  called  "exchange  interaction"  allows  a  large 
number  of  neighboring  atoms  to  keep  their  magnetic  momentB  aligned  against 
the  thermal  agitation  to  randomize  them.  The  result  is  a  large  number  of 
such  "domains",  each  having  its  magnetic  moment  in  a  different  direction, 
so  there  is  no  net  macroscopic  moment  in  the  material.  This  is  called  the 
demagnetized  state,  When  a  specimen  is  put  into  a  magnetizing  field,  the 
domains  begin  to  line  up,  producing  a  net.  magnetization.  When  the  magne¬ 
tizing  field  is  slowly  decreased  to  zero,  a  large  majority  of  the  domains 
remains  aligned,  producing  a  permanent  magnetic  field  in  the  material; 
this  is  the  basis  for  the  hysteresis  curve  of  iron  and  other  similar 
metals.  (See  Figure  39.) 


Figure  39,  Typical  magnet  material  demagnetization  curve 


The  curve  drawn  ia  the  upper  left  quadrant  of  a  typical  major  hyatereaia 
curve.  During  magnetisation  the  state  of  the  material  moves  from  the 
origin  to  the  upper  right  In  a  nonlinear  fashion,  not  shown  on  Figure  39, 
When  the  field  is  brought  to  zero,  the  state  of  the  material  is  B0,  If 
demagnetising  fields  are  applied,  the  state  of  the  material  will  follow 
the  curve  down  to  Hc,  called  the  "coercive  force".  So  far,  the  shape  of 
the  sample  has  not  been  specified,  It  is  customary  to  assume  a  toroidal 
sample  of  material  with  the  H-field  supplied  by  a  closely  wound  current- 
carrying  coil.  In  addition  to  negative  currents,  there  is  another  way  of 
providing  for  a  demagnetizing  effect  on  the  material;  the  toroid  is  cut 
to  form  an  air  gap.  When  the  gap  ia  small,  the  state  in  the  material  moves 
down  the  curve  to  some  point,  x,  depending  on  the  length  of  the  gap  and 
other  factors  of  geometry.  This  is  a  stable  condition  of  the  magnet  unless 
some  other  H-field,  plus  or  minus,  1b  applied  to  the  material.  A  magnetic 
field  is  produced  in  the  gap. 


The  magnetic  field  intensity  in  the  gap  1b  easily 
shown  to  be  proportional  to  the  volume  of  magnetic  material  relative  to 
the  gap  volume  and  the  BH  product  of  the  magnetic  material.  A  minimum 
volume  of  magnetic  material  is  necessary  when  the  magnetic  material  state 
is  at  maximum  BH  product;  for  the  curve  of  Figure  39,  x  is  approximately 
at  the  maximum  value. 


In  the  present  case,  instead  of  a  single  gap  in  a  mag¬ 
net,  a  diotributed  gap  is  utilized  and  the  effect  is  qualitatively  the 
same,  Fringing,  which  reduces  the  desired  magnetic  field  in  a  single  gap, 
is  negligible  with  a  distributed  gap.  If  soma  positive  magnetizing  influ¬ 
ence  is  applied,  the  state  of  the  material  will  not  move  back  up  the  curve 
toward  B0,  but  will  instead  move  along  a  minor  hyatereaia  loop  as  indicated 
by  the  arrowed  line,  Since  permeability  is  defined  as  B/H,  then  the  slope 
of  this  line  ia  the  effective  permeability  of  the  gapped  core.  For  most 
magnetic  materials  the  slope  of  the  minor  hysteresis  line  equals  the  slope 
of  the  major  hysteresis  curve  at  Bp.  Actual  valueB  of  p.  are  about  five 
times /t„,  the  free  space  penneability ,  for  the  more  common  permanent  itagnet 
materials  (Alnico  V)  (15).  The  actual  magnetizing  current  of  interest  is 
that  which  flows  through  the  detonation  zone  and  electrode  structure. 

b,  Composite  Material 

The  above  conclusions  regarding  the  similarity  of  a  dis¬ 
tributed  gap  can  be  confirmed  by  reference  to  the  information  available 
concerning  "dust  cores",  developed  mainly  for  high-frequency  electronics 
applications.  Because  the  highly  permeable  materials  most  often  used  are 
also  highly  conductive  of  electricity,  eddy  current  losses  become  prohibi¬ 
tive  as  the  frequency  is  increased  (<wf2).  Laminating  is  ona  successful 
way  to  reduce  these  losses,  but  practical  and  economic  limits  are  reached. 

A  very  fine  powder  of  magnetic  material  suspended  in  an  insulating  binder 
successfully  reduces  eddy  currents,  giving  excellent  high-frequency  results. 
Of  interest  in  this  study  is  the  permeability  of  such  a  composite.  Because 
of  the  distributed  air  gap,  one  can  simply  deduce  the  composite  permeability 
by  considering  the  particle  length  in  series  with  an  air  gap  length,  then 
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applying  Ohm's  law  to  the  magnetic  circuit  for  reluctances  in  series  (16). 

As  expected,  the  composite  permeability  in  much  reduced 
over  that  of  the  magnetic  material.  But  the  criteria  of  a  gap  length  and 
particle  length  are  difficult  to  formalise  for  arbitrary  particle  geometries 
and  percentage  of  materials  present.  A  better  expression  due  to  Howe  gives 
composite  permeability  as  a  function  of  the  volume  fraction  of  magnetic 
material,  P  (17) . 


Whore  ■  particle  permeability  (incremental) 
/±0  -  ftee  space  permeability 
Mt  ■  compoaita  parmaabllity 


For  Instance,  a  material  permeability  of  200,  with 
Pm0.9,  yields  a  composite  permeability  of  23.  Again,  practical  values 
of  incremental  permeability  of  permanent,  magnet  materials  are  around  20, 
so  for  P  -  0.9,  valuea  of  compoaite  permeability  of  about  ten  result. 


The  range  of  fi  in  Equation  8  can  be  between  one  and 
ten  from  the  foregoing  discussion,  depending  on  the  volume  fraction  of 
magnetic  material  in  the  compoaite.  It  can  also  be  stated  that  if  \  la 
low,  then  the  present  concept  is  very  inefficient  as  an  energy  conversion 
device.  The  only  purpose  of  the  magnetic  material  will  be  to  provide  a 
weak  field  between  particles  for  a  U  x  B  generator  action,  The  stronger 
the  gap  field  becomes  by  adding  more  magnetic  materiel,  the  less  gap 
volume  there  la  for  the  interaction.  On  the  other  hand,  with  large, 
the  magnetic  energy,  BH,  is  swept  up  by  the  conduction  wave;  the  more 
magnetic  material  present,  the  more  energy  recovered  in  the  load. 

Present  magnetic  materials  have  a  storage  energy 
density  at  BHniax  of  about  0.1  Joulo/cnr.  There  is  every  reason  to 
believe  that  higher  energy  densities  will  be  attainable  in  the  future  (18). 
For  example,  single-domain,  elongated  iron  particles  have  a  maximum  energy 
product  of  0.3  joule/cm  ,  and  attain  this  value  when  the  packing  fraction, 
P,  is  2/3.  Adding  cobalt  can  even  Increase  that  value  to  0.4  Joule/cm  . 
These  materials  owe  their  high-energy  product  to  shape  anisotropy. 

If  high  Rjj,  operation  is  assumed,  then  as  magnetic  energy 
is  swept  up  by  the  detonation-produced  current  sheet,  the  magnetic  field, 
B,  necessarily  increases  in  the  undetoneted  material.  This  will  be 
restated  by  the  eddy  currents  in  the  magnetic  particles.  Because  their 
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conductivity  is  needed  in  the  detonation  zone  to  increase  the  overall 
conductivity,  it  should  not  be  reduced  as  is  done  in  ferrite  cores.  Keen¬ 
ing  the  particles  small  will  alleviate  this  somewhat  as  an  alternative  to 
decreasing  particle  conductivity. 

3 .  Conductivity 

Often  in  the  development  of  new  devices,  the  main  parameter 
on  which  success  or  failure  hinges  is  the  one  about  which  least  is  known. 

In  this  particular  study  the  electrical  conductivity  of  the  detonation 
products  results  from  a  regime  of  physical  conditions  that  has  been  theo¬ 
retically  intractable. 

To  understand  the  nature  of  the  present  problem,  it  is  neces¬ 
sary  to  review  briefly  the  basic  law  of  electrical  conductivity  appli¬ 
cable  to  any  medium.  In  addition  to  the  review  of  conductivity  theory, 
past  experimental  work  relating  to  the  present  problem  is  reviewed.  The 
basic  electrical  conductivity  of  most  condensed  explosives  Is  found  to  be 
low,  and  detonation  velocity  is  decreased  when  inert  additives  are  present. 
A  simple  theory  is  developed  which  shows  that  conductivity  can  be  increased 
substantially  by  the  presence  of  the  magnetic  additive  or  dopant. 

Consider  an  isotropic  medium  < >.t  the  absence  of  magnetic 
fields  and  the  one-dimensional  conduction  of  electricity  through  the  medium 
by  one  species  t.f  charge  carrier,  for  instance,  electrons. 

By  definition  (Ohm's  Law): 

J  »  WE  18 

Where  J  is  the  current  density  resulting  from  the  conductivity,  v  ,  of 
the  medium,  on  application  of  an  electric  field,  E,  Cn  a  microscopic 
scale  the  current  density  results  from  a  density  of  charge  carriers,  N, 
each  carrying  charge,  q,  moving  through  the  medium  at  some  velocity, 

-<u*> ,  or: 

J  ■  N  q  -<u3>  19 

where  4tu»  ,  the  drift  velocity,  is  an  averaged  quantity  resulting  from 
acceleration  pf  the  carriers  hy  the  electric  field  (a  ■  qE/m),  balanced 
by  ’frictional"  collision  processes.  The  drift  velocity  thus  becomes 
proportional  to  E: 

-  9  E  20 

where  9  is  called  the  mobility.  Combining  Equations  18,  19,  and  20 
yields : 

w  -  Nqfl  .  21 
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If  more  than  one  specie  of  charge  carrier  is  present,  then  the  total  con¬ 
ductivity  is  the  sum  of  the  individual  conductivities  over  "i"  species: 

i  Ni  «i  22 

From  Equation  22,  it  is  seen  that  the  requirements  for  high  conductivity 
are  either  a  high  carrier  density  or  a  high  mobility,  or  both. 

The  mobility  can  also  be  written  in  terms  of  the  mean  free  time,  t  , 
between  random  encounters  with  other  particles  as: 

9  «  S_I_  23 

m 

where  m  is  the  mass  of  the  charge  carrier  (19).  This  explains  why  electrons 
with  their  much  smaller  mass  have  such  high  mobilities  compared  to  ions, 

The  detonation  products  are  a  high-density  fluid  of  mole¬ 
cules,  atoms,  ions,  and  electrons  with  temperatures  on  the  order  of  5000° 

K  and  pressures  of  about  100  kilobars.  The  density  of  this  fluid  nan  be  as 
high  as  the  density  of  the  lighter  metalB  (magnesium).  Thus  conductivity 
of  the  fluid  can  be  thought  of  as  a  special  case  of  conduction  in  a 
crystalline  metal.  Metals  owe  their  high  electrical  conductivity  to  the 
regular  array  of  atoms  in  a  lattice  and  consequent  long  mean  free  time,  r  , 
of  the  conduction-band  electrons. 

As  the  temperature  of  a  metal  increases,  the  atomic  vibra¬ 
tions  perturb  the  lattice  and  interfere  with  the  electron  motion*  that  is, 

T  decreases,  resulting  in  decreased  mobility  of  the  electrons  (Equstlon  23), 
In  general,  the  conductivity  of  a  metal  is  explained  by  band  theory  which 
has  a  quantum  mechanical  foundation.  The  essential  feature  ia  that  the 
stationary  lattice  of  the  atoms  forms  a  periodic  potential  for  the 
electron  wave  functions.  Extrapolation  to  the  temperature  of  a  high- 
density  plasma  fails  as  the  lattice  structure  is  destroyed.  The  atoms 
interact  more  violently,  and  the  electrons  encounter  perturbing  forces 
more  often,  decreasing  t;  hence,  decreasing  the  mobility  of  the  electrons 
further.  Although  there  is  no  lattice,  the  atoms  are  atill  tightly  packed 
and  conduction  is  by  transfer  of  conduction-stage  (bound)  electrons, 

Contrast  this  overslmplif isd  picture  with  the  classical  no¬ 
tion  of  electrical  conduction  in  a  hot,  partially -ionised ,  dilute  gas. 

A  velocity  distribution  of  the  particles  represents  the  temperature  of  the 
gas  (1/2  mu2  »  3/2  kT) .  At  a  sufficiently  high  temperature,  particles  in 
the  tall  of  the  distribution  will  have  enough  energy  to  liberate  electrons 
upon  collision  with  other  heavy  particles.  Thus,  by  collision,  soma  bound 
electrons  achieve  energy  equalling  the  ionisation  potential,  Froe  electrons 
are  created  having  a  mobility  which  dependa  on  the  time  between  scattering 
collisions  with  the  heavier  particles.  The  number  of  free  electrons  can 
be  calculated  from  the  Saha  equation,  which  is  essentially  an  equilibrium 
constant  for  the  chemical  reaction: 
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A  3*-**  A+  +  electron.  24 

For  small  degrees  of  ionisation,  the  number  of  electrons,  Ne,  is  exponent* 
tally  dependent  on  temperature  and  inversely  dependent  on  pi,  where  p  is 
the  total  pressure,  For  some  arbitrary  degree  of  ionisation,  at  constant 
temperature,  two  things  happen  as  the  pressure  and  density  are  increased 
toward  the  condi tiona  of  interest.  First,  because  of  high  density,  the 
time  between  collisions  decreases,  which  tends  to  depreSB  mobility,  But 
charged  electrons  are  now  so  numerous  that  they  begin  to  cluster  around 
tons  and  screen  the  coulomb tc  potential,  the  net  effect  of  which  is  to 
reduce  the  effective  ionisation  potential  of  the  plasma;  hence,  Ne  Increases 
Also,  the  electrons  can  no  longer  be  considered  ccmplstely  free,  Because 
the  lower  ionisation  potential  increases  the  electron  density  in  an 
exponential  manner  while  the  decrease  in  mobility  is  essentially  inversely 
proportional  to  total  particle  denaity,  it  is  expected  that  overall  con¬ 
ductivity  increases  at  high  pressure  or  deneity. 

A  theory  that  accounts  for  theee  effects  in  an  attempt  to 
explain  electrolytes  and  stellar  piaemae  is  known  as  the  Debye-HUckel 
shielding  theory  (20),  this  theory  has  a  rigorous  theoretical  basis,  but 
it  fails  on  extrapolation  to  covsr  the  rtonidual  gas  at  high  densities, 

For  instance,  in  evaluating  corrections  to  the  ionisation  potential,  the 
correction  turns  out  to  be  larger  than  the  original  potential. 

It  is  thus  seen  that  an  explosive  plasma  is  in  a  "no-man's 
land",  On  one  hand,  it  is  like  a  metal  but  lacks  a  lattice;  and  on  the 
other  hand,  it  is  such  a  dense  gas  that  corrections  to  the  classical 
kinetic  theory  of  gases  become  meaningless.  No  matter  which  viewpoint 
la  adopted,  it  is  clear  that  the  density  Is  high  enough  for  quantum 
effects  to  be  significant,  The  vlritl  theorem  yields  an  equation  of  state 
which  naturally  accounts  for  the  Intcrpartic 1* ,  quantum  mechanical  forces. 

0 Lasically ,  tin  theorem  status  that  fur  central  force,  bound  motion,  the 
average  kinetic  energy  equals  the  average  potential  energy, 

Cook  bus  discussed  Lite  virial  formulation  to  account  for 
electrons  In  the  detonation  sono  of  high  explosives  and  derived  what  is 
called  the  pulsating  orbital  model  (21),  Orvu  prediction  of  the  theory  is 
the  strong  cohesive  props,  ty  of  uxpl.osi.ve  plasms  which  has  hssn  observed  (22) 

More  meant ly,  Robinson  (23)  compared  thu  virial  formulation 
lor  internal  energy  of  a  wntor-derived  plasma  at  100-kllobar  pteaaure  with 
experimental  data.  Qualitative  agreement  was  shown,  using  a  simple  Inter* 
particle  fores  law  and  simplified  two-atup  energy  levels  in  the  two* specie* 
plasma,  The  weakness  of  the  virial  theorem  is  that  ell  of  the  inter* 
particle  relations  must  be  known  or  assumed;  lor  s  complex  molecular  gas 
with  "many-body"  collisions  this  is  formidable.  For  even  a  simple  two- 
component  plasma,  thu  computational  effort  Is  prodigious,  Investigators 
uro  only  now  beginning  to  attack  this  problem. 
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a .  Review  of  Related  Experimental  Work 


In  spitn  of  theoretical  difficulties  that  are  Just  be¬ 
ginning  to  be  contemplated^  experimental  results  have  been  accumulating, 
especially  in  the  lest  decade,  which  have  given  very  definite  Insight 
into  detonation-product  electrical  conductivity,  Several  pertinent  facts 
related  to  electrical  conductivity  conditions  are  repeated  here, 

The  ionisr.ation  and  consequent  electrical  conductivity 
In  a  condensed  high  explosive  is  limited  to  the  detonation-head  aone  and 
does  not  extend  into  tiie  colder  expanding  products.  The  detonation-head 
■one  refers  to  that  apace  betwaan  tha  end  of  the  reaction  none  and  the 
beginning  of  the  rarefaction  wave,  The  reaction-sons  thickness  la  typi¬ 
cally  less  than  100  microns  while  the  detonation-head  sons  can  be  from  a 
millimeter  to  several  centimeters,  depending  on  charge  else,  geometry, 
and  degree  of  confinement,  As  the  rarefaction  wave  progreeaaa  into  the 
conducting  steady  aone,  it  reduces  ths  pressure  and  temperature  of  the 
fluid,  thua  producing  increased  velocity  of  the  products,  The  degree  of 
ionisation  which  ie  strongly  temperature-dependent  decrease*  drastically 
In  tha  colder  productai  previously  free  electrons  quickly  recombine.  Any 
lattice-type  conduction  effects  disappear  because  of  the  reduction  of 
pressure.  The  rarefaction  wavs  effectively  cuts  off  any  further  electri¬ 
cal  conductance, 

The  detonation-eone  conductivity  varies  with  the  explo¬ 
sive  composition  but  is  generally  in  the  range  of  10  to  100  mho/rn. 

A  very  accurate  measurement  ha*  bean  mad*  for  Composition  1)  and  Pentollte 
at  normal  denaity  by  Jameaon,  ot  al.  (24)  with  valuea  of  330  and  110  mho/m 
respectively, 


Experiments  by  Uriah,  et  al.  (23)  have  confirmed  that  aa 
the  density  of  the  products  increases,  the  conductivity  increases,  An 
exponential  dependence  wee  found  such  that  at  ths  pressure  of  630  ki Lobova, 
a  conductivity  of  10*  mho/m  waa  determined  in  TNT,  They  also  sllude  to 
experiments  In  which  tha  conductivity  of  the  detonation  products  is  related 
to  the  frue  carbon  content  in  tha  products,  Lead  aside  also  had  a  high 
conductivity,  presumably  due  to  free  lead, 

Moru  recently,  liuyeu  (26),  us  «  result  of  u  new  technique 
for  ipatially  resolving  conductivity  phtnomena  up  to  the  very  front  edge 
ol  the  reaction  cone,  found  a  definite  relation  between  conductivity  and 
tha  free  carbon  content  in  the  reacting  gas.  The  amount  of  fra*  uarbon 
shifts  continuously  throughout  ths  detonation  head  because  of  shift  inn 
equilibrium  constants  for  the  components  of  th*  products  formed,  Thu 
maximum  conductivity  measured  ia  tabulated  against  ttie  fra*  carbon  content 
existing  at  thn  same  position  in  the  products,  aa  followei 
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Exp losive 

Max  IT 
(mho/m) 

Product  Carbon  Contant 
(gm/cm3) 

PETN 

60 

0.08 

Nitrome thane 

160 

0.19 

Composition  B 

1,200 

0.34 

Liquid  TNT 

11,000 

0.52 

Hayes  also  pointed  out  the  inverse  dependence  o£  con¬ 
ductivity  on  temperature.  If  thermal  ionization  were  the  controlling 
factor,  then  the  conductivity  would  increase  substantially  at  higher 
temperatures,  But  calculations  by  Mader  showed  that  in  PETN,  as  the 
initial  explosive  density  changed  from  1  gra/cm3  to  1,7  gm/cm3,  the  tempera¬ 
ture  dropped  from  4000°  K  to  3000°  K,  while  the  conductivity  increased 
roughly  a  factor  of  ten  (27).  The  conductivity  increase  more  closely  resembled 
the  rise  in  pressure  from  100  to  300  kilobars. 

This  certainly  confirms  the  experiments  by  Brlsh.  The 
conclusion  is  that  temperature  of  the  plasma  can  only  play  a  secondary 
role  in  the  conduction  process.  Electrons  generated  by  thermal  ionisation 
contribute  to  conductivity,  but  perhaps  the  largest  contribution  is  from 
the  bound  conduction-state  electrons  in  the  quasi-metallic  lattice. 

As  will  be  shown  later,  to  obtain  a  high  conductivity 
the  conductivity  of  the  magnetic  particles  is  utilized.  However,  this 
increase  is  not  without  penalty,  for  the  magnetic  particles  are  effectively 
a  diluent  in  the  explosive  and  tend  to  suppress  the  detonation  velocity. 

Since  all  other  properties  can  be  related  to  velocity,  it  may  well  be  that 
the  conductivity  is  decreased  also. 

By  far  the  most  extensive  documentation  to  this  effect 
is  that  by  Taylor  (28).  Results  of  his  experiments  point  out  several  factors 
which  were  used  to  guide  the  present  experiments.  In  tests  using  NaCI  as 
a  diluent  for  nitroglycerin  at  1.35  gm/cm3  and  PETN  at  1.00  gm/cm3,  there 
is  an  almost  linear  decrease  in  the  detonation  velocity:  in  the  case  of 
PETN,  a  drop  from  5.5  km/sec  for  100-percent  PETN  to  3  km/sec  for  40  per¬ 
cent  by  weight  TETN  was  observed.  A  similar  drop  occurs  for  nitroglycerin. 

The  duta  fit  a  theory  that  assumes  complete  entrainment  of  the  diluent 
and  some  heat  transfer  from  the  gas  to  the  diluent.  The  depression  of 
the  detonation  velocity  occurs  primarily  because  of  the  translational 
energy  lost  by  the  gas  phase  in  accelerating  the  diluent,  and  secondarily 
because  of  energy  lost  by  heat  transfer.  The  energy  spent  by  the  gas  in 
compressing  the  diluent  is  found  to  be  negligible  by  comparison  with  the 
above  effects  and  would  only  change  the  detonation  velocity  on  the  order  of 
1  percent.  Also  of  interest  is  the  fact  that  diluent  particle  size  is 
relatively  unimportant  in  determining  detonation  velocity  through  the  range 
of  30  to  72  Brown  and  Sharp  sieve  fineness. 
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What  could  actually  happen  is  the  exact  opposite  of  the 
desired  enhancement.  The  heat  transfer  from  the  reaction  products  to  the 
colder  particles  may  form  a  cold  sheath  around  the  particles  which  acts  to 
isolate  them  as  electrical  current  carriers.  Furthermore,  since  the  gas 
phase  has  lost  energy  (both  thermal  and  kinetic)  by  heat  transfer  and  drag 
acceleration  of  the  particles,  its  electrical  conductivity  is  reduced  below 
that  existing  without  a  diluent,  whether  metal  or  nonconductor.  One  possible 
but  rather  unlikely  means  to  eliminate  this  as  a  source  of  conductivity 
decrease  is  to  have  the  particles  react  exothermally  with  the  explosive  on 
detonation.  The  magnetic  particles,  if  fine  enough,  could  react  with  an 
overoxidized  explosive  to  maintain  the  high  heat-release  necessary  for 
adequate  conductivity.  Experience  with  the  aluminized  commercial  explosives 
shows  this  is  not  the  case;  detonation  velocity  and  peak  pressure  are  both 
reduced  (21).  Perhaps  ultimately  an  inherent  exothermic  magnetic  material 
could  be  developed  that  would  not  have  a  diluent  effect  like  aluminum, 
which  reacts  only  on  the  surface.  Then,  however,  no  conductivity  enhance¬ 
ment  would  be  possible  through  the  mechanism  of  metallic  inclusions. 

b.  Conductivity  Increase  by  Metallic  Addition 

In  the  first  paragraphs  of  this  presentation  on  con¬ 
ductivity,  it  was  concluded  that  at  the  present  state-of-the-art  it  is 
impossible  to  calculate  the  electrical  conductivity  of  a  detonating  high 
explosive  on  theoretical  grounds.  However,  given  a  particular  explosive 
and  experimentally  determined  conductivity  data,  it  is  possible  to  calculate 
for  simple  cases  what  the  conductivity  increase  should  be  when  conducting 
inclusions  are  added.  The  only  restrictive  assumption  is  that  the  inclus¬ 
ions  do  not  chemically  react  and  thereby  change  the  initial  conductivity. 
Furthermore,  it  is  assumed  that  no  heat  transfer  occurs  between  explosive 
and  diluent  particles. 

c.  Cubical  Array  of  Cubic  Inclusions 

To  understand  the  important  parameters  affecting  con¬ 
ductivity  increase,  assume  the  somewhat  oversimplified  structure  in 
Figure  40(a). 


Figure  40(a).  Cube  model  for  conductivity  enhancement  -  unit  cell 
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It  Is  a  uniform  conducting  medium  containing  a  simple  cubic  array  of  cubic 
inclusions.  Making  the  assumption  of  one- dimensional  current  flow  (along 
the  x-axis)  allows  choosing  the  unit  lattice  shown  by  dotting.  The  total 
resistance  to  current  flow  will  then  be  that  due  to  the  volume  of  inclus¬ 
ion  of  conductivity,  crc,  in  series  with  the  small  volumes  of cr0,  paralleled 
by  the  hollow  cube  of  er0,  as  shown  in  Figure  40(b). 


Figure  40(c).  Cube  model  for  conductivity  enhancement 
equivalent  network 
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The  total  reel  nunc*,  R*r ,  can  than  be  written  a«t 


23 


ainoe  paralleled  raaiators  combine  reciprocally.  The  Important  ratio 
crT/ 9 Q  ia  eaoily  obtained  from  Equation  25 1 


d* 


U-d)  + 1 


+ 


The  ratio  of  or  /c  «n»all  (  10*  mho/m  and  <r0 

ao  neglecting  it  ia  justified  and  results  int 


107  mho/m) , 


a  T  _  1  4-1-  d2 
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The  important  variabla.ia  the  volume  fraction  of  incluaion  in  the  total  of 
the  compoeite,  or  d^/a^,  denoted  by  P.  In  tarma  of  P,  Equation  27  becomes! 

P-  -  +  a  -  p2/3>  •  ^rfk1  28 

%  [7b- '  3]  «  1/5 


Thia  relation  ia  plotted  aa  Curve  1  in  Figure  41.  Equation  28  can  be  put 
into  more  compact  form  by  expanding  the  denominator! 


n«o 


JL±J1 

3 


29 


which  convergoa  for  all  P<  1,  with  an  aeymtota  at  P  *  1  aa  expected.  It 
la  important  to  note  thia  model  ailowe  an  incluaion  fraction,  P,  from 
aero  to  1.  When  the  cubea  touch,  the  conductivity  becomes  that  of  the 
cube  material.  The  final  r«ault  contalna  no  factor  that  accounts  for  a 
finite  ratio  of  conduct ivit las ,  •'o /  ^0»  aa  it  was  eliminated  after 
Equation  26. 


d.  Simple  Cubic  Array  qf  Spharaa 

A  more  realistic,  classical  caaa  of  conductivity  increase 
has  been  studied  by  Raleigh  (29)  and  more  recant ly  by  Meredith  and 
Tobias  (30),  Keller  (31),  and  Keller  and  Sacha  (32).  The  assumption  of 
one "dimensional  flow  is  not  necessary.  P.ayleigh  started  with  tha  arrango 
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Figure  41.  Conductivity  ratio  versus  volume  fraction  of  tncluiLon 
for  simple  cube  model,  Rayleigh's  sphere  model,  and 
Keller's  improvement  near  simple  coble  li.mlL 


mont  of  Figure  42(a), 


Figure  42(a) ,  Pimple  spherical  model  for  conductivity 
enhancement 

whtAr*  'rhe  unit  cub*  is  the  same  ai>  in  Figure  40(a).  If  an  electrical 
potential  la  applied  iu  the  "x"  direction,  the  current  streamlines  will 
be  as  picture,  Tha  differential  equation  for  the  potential  1st 

V  2  V  •  0,  30 

Xt  U  natural  to  yae  epharical  coordinate*  with  an  origin  at  tha  cantar  of 
tha  sphere.  The  boundary  condition*  are  that  tha  potantial  be  contlnuou* 
aoroaa  the  border  of  the  sphere  and  that  the  electrical  currant  llkawiaa 
be  continuous, 

The  potential*  that  result  are  given  in  term*  of 
spherical  surface  harmonics,  What  complicates  the  analysis  1*  that,  by 
supposition,  th*  potantial  at  any  point  in  tha  field  is  that  given  by  all 
the  oplmres  together,  A  series  results  which  is  terminated  after  super- 
poling  a  solution  for  a  basic  aphart  and  it*  243  closest  neighbors  to  give 
an  approximate  expression  for  tha  conductivity  ratio! 


where  P  is  th*  volume  fraction  of  inclusion  end  v  is  th*  ratio  of  con¬ 
ductivity,  9 ?or  the  case  of  lntsrest,  v  is  affectively  infinite 
eo  Equation  3l  reduces  tot 


„  1  ±  2P  -  0.525P10/3  32 

<rD  1  -  P  -  0.525Pi0/^ 

This  relation  is  plotted  as  Curve  2  in  Figure  41.  Rayleigh's  solution  is 
approximate  and  has  been  refined  by  others.  The  main  objection  to  it  is 
that  for  the  simple  cubic  arrangement  the  maximum  allowable  value  of  P 
allowed  is  tf/6.  Rayleigh  makes  no  mention  of  this  limitation. 

Keller  has  considered  an  exact  solution  of  potential 
flow  for  simple  cubic  packing  of  spheres  close  to  the  limit  of  tt/6.  His 
result  is  shown  as  the  dotted  Curve  3  in  Figure  41.  Experimental  results 
by  Meredith  and  Tobias  confirm  Keller's  analytical  calculation. 

Also  shown  for  reference  in  Figure  41  are  the  values 
of  P  that  occur  if  face-centered  cubic  and  body-centered  cubic  packing  are 
allowed.  Curve  2  obviously  should  not  be  used  for  these  cases. 

The  next  portion  presents  a  simple  extension  of  Ray¬ 
leigh's  theory  which  makes  it  possible  to  get  an  approximate  value  of 
°”o  when  P  is  greater  than  ir/6,  by  allowing  for  more  than  one  size 
of  particles. 

e.  Multiple  Size  Conductivity  Increase 

The  results  of  the  preceding  writeup  pertain  to  a  highly 
academic  situation  that  could  never  represent  any  practical  situation. 
First,  any  mixture  would  be  nonuniform  and  without  simple  cubic  packing. 
Second,  any  practical  additive  would  have  a  size  distribution  instead  of 
a  single  size.  Spherical  particles  are  technically  feasible,  so  there  is 
no  shortcoming  of  the  simple  theory  on  this  account. 

To  develop  a  method  of  accounting  for  conductivity 
increase  when  more  than  one  size  is  present  in  the  additive,  consider 
first  the  simple  case  of  an  additive  with  three  sizes  present,  as  in 
Figure  42(b). 


Figure  42(b) .  Multiple-size  conductivity  model 
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To  show  better  the  volumee  of  interest,  the  unit  cube  hes  been  shifted  by 
half  the  lattice  spacing.  Due  to  symmetry  in  all  directions ,  this  unit 
cube  is  just  as  satisfactory  as  the  one  in  Figure  42(a) ,  but  the  boundary 
conditions  would  be  harder  to  specify.  The  theory  to  follow  is  not  con¬ 
cerned  with  any  electrical  boundary  conditions  or  superposition  of  poten¬ 
tials,  but  rests  solely  on  the  premise  that  each  particle  sice  contributes 
a  conductivity  increase  so  that  the  overall  conductivity  Increase  is  the 
product  of  all  conductivity  ratios  based  on  the  volume  fraction  available 
to  each  species.  For  instance,  in  Figure  42(b),  the  smallest  particle 
specie,  3,  increases  the  conductivity  of  the  basic  matrix  of  cr0  to  become 
a  new  matrix  of: 

°o'  -  £  <P3>*  33 

This  becomes  the  er0  of  a  new  matrix  for  unit  cube  2  that  has  its  conduc¬ 
tivity  increased  by  the  presence  of  particle  species  2,  or: 

<ro"  -  'o'  f  <P2>  34 

and  so  forth.  The  overall  conductivity  increase  for  n  particle  slaaa 
is  then: 

£i  ■  -ft-  <  <p">  35 

where  f(Pn)  is  Curve  2  of  Figure  41  for  simple  cubic  packing  and  the  Pn's 
in  this  case  are  the  species  volume  fractions  that  account  for  the  space 
occupied  by  all  other  particles.  To  determine  these  volume  fractions, 
start  vlth  the  largest  particles,  The  smallest  particles  could  be  chosen, 
but  for  practical  reasons,  only  the  largest  is  used,  (It  is  relatively 
difficult  to  determine  experimentally  the  distribution  of  the  finer  parti¬ 
cles  compared  to  the  larger.) 

The  volume  fraction  for  particle  species  1  is: 

P1  *  V1  '  VT  36 

Where  v™  is  the  total  volume  of  the  largest  unit  cube,  The  volume  fraction 
for  particle  specie  2  is  then: 

P2  *  v2  /(vf  -  vj  )  37 

Extending  this  process  to  n»  particle  else  results  Ini 
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n  J>  l 


Sine*  the  independent  verieble  ie  the  overell  volume  fraction,  Pi 


ie  ueed  to  eliminate  Vj  from  Equation  38.  Thua: 
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which  reduceo  immediately  toi 
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For  n*l,  it  ie  convenient  to  combine  Equations  36  and  39  to  get; 
P 

V1  T 

- 
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In  reduolng  the  experimental  data,  the  weight  distribution  for  the 
parfciolaa  la  employed  instead  of  volume  fraction  as  it  is  measured 
directly. 

Whan  all  additive  particles  have  the  same  density  , 
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where  w  la  the  weight  of  each  else  species,  and  yf  is  the  weight  fraction. 


The  important  relations  are  collected  using  Equation  A3. 
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f .  Description  of  Method 

For  computing  theoretical  values  ot  viler 0  a  value  of  P? 
is  chosen  initially.  The  values  for  the  various  Pn'B  arc  calculated 
for  Equations  AA  and  A5  using  the  experimentally  determine'  particle  size 
distributions .  For  each  value  of  P_  the  appropriate  f(P_)  i»  found  from 
Curve  2  of  Figure  Al,  and  Equation  35  is  then  used  to  calculate  the  over* 
all  conductivity  ratio. 

Figure  A3  shows  three  curves  drawn  from  auch  calcula¬ 
tions  for  spherical  copper  powder  samples.  The  dotted  curve  la  based  on 
the  particle  site  percentage  distribution  furnished  by  the  supplier,  the 
Federal  Mogul  Co,  In  the  calculation  using  the  supplier's  particle  size 
distribution,  it  was  assumed  that  all  particles  finer  than  500  mesh  were 
of  one  sice,  resulting  in  s  total  of  six  sleet .  Actual  measurements  v<  .. 
made  of  the  particle  else  distributions  in  both  the  copper  powder  and  tor 
s  stainless-steel  powder.  These  distributions  ar*  shown  in  Figure  AA. 
These  measurements  resolved  the  finer  sices  and  indicate  somewhat  of  a 
fist  distribution  near  10  percent.  Therefore,  the  two  solid  curves  on 
Figure  A3  srs  drawn  for  10  sites  of  10  percent  end  five  sizes  of  20  per¬ 
cent  for  comparison,  A  similar  set  of  curves  la  shown  in  Figure  A5  for 
the  Type  316  atainless-stsel  powder,  with  the  addition  of  a  curve  showing 
the  expected  results  with  particles  of  s  single  else. 
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Figure  43.  Theoretical  conductance  ratio  Gy/G0  as  a  function 
of  the  copper  fraction  by  weight,  Q 
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Particle  diameter,  mm 


Q,  METAL  FRACTION  BV  WEIGHT 


Figure  45.  Theoretical  conductance  ratio  Gj/G0  as  a  function 
of  the  weight  fraction  of  Type  316  stainless-steel 
powder,  Q 
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C.  CONDUCTANCE  MEASUREMENTS 


As  discussed  previously,  electrical  conductivity  increase  offers  the 
only  hope  of  producing  the  necessary  high  magnetic  Reynolds  number,  R  . 
Experiments  by  others  have  shown  that  generally  detonation- zone  con¬ 
ductivities  are  low,  but  the  effects  of  high  pressure  or  the  presence  of 
impurities  can  produce  order  of  magnitude  increases  in  this  quantity. 
Therefore  a  series  of  experiments  was  performed  to  evaluate  the  possibility 
of  Increasing  the  conductivity  by  metallic  inclusions  ot  dopants.  The 
experimental  apparatus  and  techniques,  together  with  the  results  of  the 
experiments,  are  discussed  in  the  following  paragraphs, 

1 .  Experimental  Apparatus 

a.  Blast.  Tank  Facility 

To  detonate  safely  a  test  charge  of  high  explosive,  many 
precautions  are  necessary.  Because  the  amount  of  explosive  used  in  any 
one  shot  Is  small,  it  was  calculated  that  the  experiments  could  be  safely 
performed  Inside  the  laboratory.  To  contain  fragments  and  the  noxious 
gases  of  detonation,  ell  firings  took  place  in  a  wood-lined  steel  barrel, 
which  has  a  removable  cover  for  access  to  remove  fragments  and  splinters 
and  to  patch  any  damage  (frequent)  to  the  tank.  The  tank  and  associated 
equipment  are  shown  schematically  in  Figure  46,  while  Figure  47  shows  the 
actual  equipment.  The  teat  charge  is  Installed  in  the  tank  through  the 
small  porthole  in  the  top  and  suspended  by  the  instrumentation  cable 
approximately  in  the  center  of  the  tank.  The  wood  lining  succeasfully 
absorb*  the  fragments  and  blaat  Impact,  and  needs  replacing  only  after 
about  $0  shots.  The  vacuum  pump  is  used  to  reduce  tank  pressure,  minimiz¬ 
ing  thv  blast  potential  on  the  wells;  It  also  serves  to  purge  the  tank 
after  firing.  Propane  is  admitted  before  firing  to  suppress  ionization  in 
the  air  around  the  test  charge,  which  could  cause  spurious  signals  on  the 
measuring  circuit. 

When  a  new  wood  lining  le  Installed,  the  moisture  in  the 
wood  prevents  obtaining  sufficiently  low  pressure,  so  a  cold  trap  of 
liquid  air  la  used  to  condense  out  this  moisture.  After  initial  dehydra¬ 
tion,  ho  further  cold  trap  action  is  needed,  Pressure  is  measured  with  a 
standard  U-tube  mercury  manometer,  and  for  lower  pressures,  a  0  to  100 
torr  Wallace  and  Tiernan  dial  gage  ie  used. 

b.  Firing  Control  and  Safety  Circuit 

All  detonations  were  initiated  by  electric  blasting  caps. 

To  accomplish  this  safely  and  only  at  the  proper  time,  the  circuitry  of 
Figure  48  was  devised.  The  current  requirement  for  the  blasting  cap 
initiation  ia  adequately  provided  by  the  battery,  B,  in  this  case  a 
6-volt  auto  storage  battery.  Zn  order  that  it  is  not  fired  until  needed 
by  inadvertent  closing  of  firing  switch,  S5,  a  relay,  RLt,  is  included  in  the 
basic  series  circuit  of  battery,  cap,  and  S5.  Before  the  relay  will  close, 
110  volts  ac  must  be  supplied  as  shown;  the  main  power  switch,  S^,  must  be 


closed;  the  doors  In  the  blast  room  must  be  locked,  closing  and  S^;  and 
finally,  is  closed  by  turning  a  key  which  is  always  kept  by  the  operator. 
The  various  pilot  lights  indicate  when  the  rel *ted  switches  have  been 
closed. 

c.  Explosive  Test  Charge  Assembly 

Measuring  the  conduction  of  direct  current  through  the 
detonation  zone  requires  a  geometry  of  charge  that  allows  for  contact  of 
the  detonation  zone  with  electrodes.  The  assembly  must  be  of  accurate 
dimensions  to  assure  repeatability  since  charge  geometry  and  degree  of 
confinement  both  affect  detonation-zone  shape.  Furthermore,  the  charge 
assembly  is  expended  each  shot,  so  a  simply  constructed  device  is  desired. 
All  these  goals  are  served  by  the  charges  shown  schematically  in  Figure 
49.  The  detonation  wave  begins  at  the  blasting  cap  and  is  shaped  into  a 
line  wave  by  the  trapezoidal  section  of  sheet  explosive  containing 
"refracting  holes".  The  wave  continues  to  propagate  to  the  right  in  the 
standard  explosive  before  propagating  through  the  test  charge.  Another 
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Instrument  room  control  box 


-  master  power  switch 

-  power  on  light 

Sgi  S-j  -  blast  room  door  interlock  switches 
Lg  -  door  closed  light 

-  key  switch 

RL^  -  interlock  relay*  spst 
B  -  6*volt  storage  battery 

-  ready  to  fire  light 
V  -  voltmeter 

S5  -  firing  Bwitch,  DPST 


Figure  48.  Conductance  measurement  firing  control  and 
safety  circuit 


E83  Ae  Copper  strip  Coble 

Electric  cap — 7  electrodes— a  n  v — R6  58/U 
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section  of  standard  charge  follows  the  test  charge  (this  is  discussed 
later).  The  1/8-in. -thick  micarta  strips  serve  to  confine  the  explosive 
somewhat,  provide  a  convenient  mount  for  cap  and  cable,  and  in  addition, 
provide  accurate  spacing  for  the  1/16- in.  copper  electrodes.  The  whole 
assembly  is  held  together  with  plastic  electrical  tape.  A  cutaway  photo 
is  shown  as  Figure  50.  The  test  charge  has  been  darkened  only  for  photo¬ 
graphic  contrast. 

The  basic  explosive  used  x  i  all  experiments,  both  for  the 
standard  charge  and  for  the  test  charge  matrix,  is  commercial  Detasheet  A, 
which  is  basically  PETN  (pentaery thr itol  tetranitrate) ,  manufactured  by 
the  DuPont  Company.  This  is  a  stabilised  plastic  explosive  in  sheet  form, 
the  approximate  characteristics  of  which  arc  shown  in  Table  II. 

TABLE  II 


PROPERTIES  OF  DETASHEET  A 


Major  Ingredient 

857.  PETN,  Pentaerythritol 
Tetranitrate,  C5Hq(N0.j)^ 

Energy  release 

60  kj/gm 

Density 

1 . 50  gm/ cm 

Detonation  velocity 

7.2  km/sec 

Thickness 

0.105  in. 

Electrical  conductivity 

3 

60  mho/m  at  1,7  gm/cm 

of  detonation  zone  (PETN) 

3 

30  mho/m  at  1.5  gm/cm 

Useful  storage  life 

1  yr 

The  additive  used  to  make  the  test  charges  was  spherical 
powder  of  either  elcctrolytic-grade  copper  or  Type  316  stainless-steel 
alloy.  (The  sieve  analysis  for  these  powders  is  presented  in  Figure  44.) 
Spherical  powder  was  used  to  better  conform  to  the  analytical  curves  and 
prevent  possible  friction  points  which  might  be  a  source  of  premature 
detonation  while  molding  or  cutting  the  test  charge.  Even  though  copper 
is  nonmagnetic,  it  was  used  because  it  represents  essentially  infinite 
conductivity  by  comparison  to  the  detonation  products.  Type  316  stainless- 
steel  is  not  magnetic  either  but  has  a  composition  similar  to  the  popular 
Alnico  magnetic  materials,  the  important  similarity  being  the  electrical 
conductivity  which  is  thirty  to  forty  times  less  than  conper.  ^For  all 
computations,  copper  was  assumed  to  have  a  density  of  8.9  x  10  kg/nr  and 
an  electrical  conductivity  of  5^85  x  107  mho/m.  Type  316  stainless-steel 
has  a  density  of  8.0  x  103  kg/m3  and  an  electrical  conductivity  of 


1.35  x  10  mho/m.  The  ratio  of  conductivity  between  copper  and  stainless- 
steel  is  43.3  at  room  temperature. 

d .  Conductance  Measuring  Circuit 

To  measure  conductivity  of  a  medium  not  only  must  voltages 
be  applied  and  currents  measured,  but  the  geometric  factor  must  also  be 
known.  It  was  beyond  the  scope  of  the  present  investigation  to  determine 
this  geometry  factor,  so  a  relative  conductance  measurement  was  made. 

This  is  the  reason  for  the  plain  Detasheet  on  both  sides  of  the  charge  in 
Figures  49  and  50.  Since  the  conductivity  of  PETN  is  known  and  that  of 
Detasheet  should  not  he  much  different  (or  it  could  be  determined  if 
necessary),  the  circuit  was  set  up  to  measure  the  voltage  and  currents 
through  both  standard  explosive  and  test  charge .  - Figure  51  shows  the 
important  elements.  This  is  a  standard  circuit  and  has  been  used  success¬ 
fully  by  many  investigators,  most  recently  by  Jameson  (24). 

Basically,  the  plasma  resistance  is  in  series  with  a  current 
measuring  shunt,  R  ,  and  a  capacitor,  C,  which  functions  as  a  constant 
voltage  source  for  the  event  time  which  is  short  compared  to  the  time 
constant  of  the  circuit,  even  if  the  plasma  resistance  were  zero.  The  RgC 
time  constant  is  1  microsec  and  the  event  times  are  on  the  order  of 
10  microsec. 


The  network  for  measuring  the  pulse  shape  is  located  Just 
outside  the  blast  tank  and  is  connected  to  the  charge  assembly  with  a 
short  piece  of  coaxial  cable.  The  voltage  across  Rg  is  conducted  to  the 
instrument  room  by  a  52-ohm  coaxial  cable  to  the  terminal  resistance, 

R_  (52  ohm);  the  signal  is  applied  to  the  vertical  amplifiers  of  a 
Tektronix  555  oscilloscope.  The  capacitor,  C,  is  initially  charged  by  a 
storage  battery  located  in  the  instrument  room.  Isolation  resistors,  Rj., 
are  used  to  prevent  ground  loops  in  the  circuit.  A  Hewlett-Packard  Model 
412A  VTVM,  having  1  percent  of  full-scale  accuracy,  is  used  to  measure  the 
initial  voltage  on  the  capacitor.  Typical  values  of  components  and  the 
technique  of  reducing  data  are  described  in  paragraph  2. 

2 .  Procedure 


a.  Fabrication  of  Test  Charge 

Ordinarily,  an  ingredient  is  not  deliberately  added  to  an 
explosive  without  checking  compatabiiity ,  sensitivity,  etc;  and  even  then, 
only  under  controlled  conditions  with  remote  handling  equipment.  The 
additives  used  in  the  manufacture  of  Detasheet  are  desensitizing;  past 
work  with  the  material  and  other  plastic  explosives  confirms  the  safety 
of  adding  inert  ingredients  to  almoBt  all  plastic  explosives. 

The  spherical  metal  powders  were  therefore  added  to  the 
Detasheet  by  hand,  and  no  more  than  3  grams  of  explosive  were  mixed  at 
one  time.  To  disperse  the  metal  thoroughly  in  the  Detasheet,  a  taffy-pulling 
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Figure  51.  Instrumentation  circuit 


1 


motion  was  found  successful.  To  determine  accurately  the  amount  of  metal 
in  the  final  charge,  the  charge  material  was  weighed  before  and  after 
adding  the  metal  on  an  analytical  balance  having  a  repeatability  of  0.2  mg. 

To  form  the  charge  into  a  sheet,  the  lump  of  charge  material 
was  pressed  between  two  plates  of  1/4-in.  micarta,  using  an  arbor  press 
with  a  stop  set  to  give  the  proper  thickness  (0.105+  0.005  in.)  when  the 
pressure  was  relieved.  Approximately  10-percent  springbaek  was  noted. 

The  charge  was  then  cut  to  size  with  a  razor  blade,  as  was  the  ordinary 
Detasheet.  All  dimensions  were  cut  to  a  tolerance  of  +  0.010  in.  using  a 
straight  edge  and  a  steel  scale.  The  pieces  of  charge  were  fitted  to¬ 
gether  on  one  side  of  micarta  taking  care  to  avoid  air  gaps  between  Deta¬ 
sheet  and  test  charge.  The  other  micarta  side  wa:  laid  on  to  form  a 
sandwich  on  which  the  electrodes  bordered.  Tape  was  then  applied,  holding 
all  pieces  securely.  The  blasting  cap  was  positioned  with  tape  also. 
Soldering  of  the  blasting  cap  leads  to  the  feedthrough  bushings  in  the 
porthole  cover  was  always  done  with  the  twisted  leads  shorted  together  to 
prevent  >.ny  induced  currents  from  initiating  the  charge.  As  a  further 
precaution,  the  leads  were  soldered  after  a  charge  was  lowered  into  the 
tank. 


b.  Firing 


After  a  charge  was  lowered  into  the  tank  and  the  porthole 
installed,  the  vacuum  pump  was  started  and  allowed  to  run  until  the 
pressure  reached  about  10  torr.  The  pump  was  valved  out  of  the  system  and 
propane  admitted  until  the  total  tank  pressure  reached  150  torr.  This 
was  low  enough  to  prevent  the  blast  from  damaging  the  tank  and  high  enough 
to  dilute  the  remaining  air  so  ionized  air  shocks  did  not  form,  causing 
spurious  electrical  signals,  Before  firing  the  charge,  the  oscilloscope 
triggering  level  was  checked,  the  voltage  applied  to  the  capacitor,  C, 
and  the  blast  room  secured.  A  countdown  was  initiated  so  that  the  oscillo¬ 
scope  camera  shutter  was  opened  manually  l  sec  before  firing;  it  was 
closed  immediately  following  the  blast.  The  operator  and  the  camera 
viewed  the  traces  simultaneously  to  have  at  least  qualitative  information 
should  the  camera  or  film  malfunction,  The  film  used  was  Polaroid- type 
107,  having  a  3000  ASA  rating. 

c.  Data  Deduction 

The  oscilloscope  traces  yeilded  information  that  allowed 
calculation  of  two  vital  parameters:  (l)  the  conductance  ratio  between 
plain  Detasheet  and  the  test  charge,  and  (2)  the  average  time  for  detona¬ 
tion  to  propagate  through  the  test  charge,  At.  A  typical  oscilloscope 
trace  is  shown  in  Figure  52, 

d .  Relative  Conductance  Data  Analysis 

Both  traces  of  Figure  52  are  identical.  The  vertical  dis¬ 
tance  measures  the  potential,  Vs,  across  the  current  shunt,  Rs  (See 
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Figure  52.  Typical  test  record,  Shot  57,  20.8%  copper  by 
weight  (upper  trace,  5v/div  vertical  and  2 
microsec/div  horizontal;  lower  trace,  lOv/div 
vertical  and  5  microsec/div  horizontal) 

Figure  50),  It  is  convenient  to  designate  voltages,  currents,  and 
resistances  with  no  superscript  when  the  detonation  wave  is  in  pure  Detasheet 
and  the  same  values  with  a  prime  superscript  when  the  detonation  wave  is  in 
the  test  charge.  Thus  on  Figure  52  the  first  portion  of  the  trace  is  Vs, 
the  center  portion  V s 1 ,  then  Vs  again.  The  reason  for  the  different 
gain  settings  on  the  two  traces  of  Figure  52  is  clear  when  the  shunt  voltage 
of  the  test  charge,  Vg 1 ,  Is  considered.  It  increases  substantially  at 
higher  metal  fractions,  Q  .  The  top  trace  is  kept  at  the  same  gain  setting 
to  record  the  Detasheet  shunt  voltage.  V,,  while  V  '  goes  off  scale.  The 
lower  trace  gain  is  reduced  to  keep  Vt'  on  scale.  3 

Referring  to  Figure  52,  it  is  noticed  that  the  traces  taper 
off  on  both  ends,  more  noticeably  on  the  upstream  side.  The  upstream 
decrease  can  be  explained  in  part  by  the  fact  that  the  explosive  is 
initiated  from  a  point  and  the  detonation  wave  front  is  curved.  It  gradually 
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straightens  up  after  about  two  to  three  lengths  (3/4- in.  diameter)  of 
travel.  Since  resistance  is  proportional  to  the  length  of  the  plasma 
column,  a  curved  column  has  a  longer  length  and  hence  higher  resistance 
than  a  straight  column.  Higher  resistance  is  reflected  in  a  lower  height 
on  the  trace . 

The  ocher  factor  involved  is  related  to  the  high  creep 
rate  or  malleability  of  the  sheet  explosive  compared  to  that  of  the  test 
charge.  Plastic  electrical  tape  is  used  to  hold  all  components  of  the 
charge  together,  and  is  necessarily  wound  on  with  tension.  This  causes  a 
compression  on  the  Detasheet  and  test  charge.  The  softer  Detasheet  ex¬ 
trudes  out  the  ends,  reducing  the  thickness  there,  which  decreases  the 
area  for  electrical  conduction,  A  decrease  in  area  results  in  higher 
overall  resistance,  again  lowering  the  trace.  For  this  reason  V8  is 
measured  at  its  value  just  prior  to  the  rise  to  Vg 1 .  4 

The  overshoot  in  V  1  was  at  first  suspected  to  be  a  circuitry 
frequency- response  phenomenon,  but  on  simulating  the  charge  with  a  square- 
wave  generator,  the  circuitry  was  exonerated.  It  must  be  an  effect  of  the 
charge,  possibly  a  transient  conductance  increase  due  to  overboosting  from 
the  plain  Detasheet.  1  was  measured  after  it  had  settled  to  its  steady 
value . 

It  should  be  borne  in  mind  that  a  relative  measurement  of 
conductivity  is  desired,  but  only  voltages  and  currents  were  recorded  as 
the  detonation  plasma  progressed  from  plain  Detasheet  to  test  charge  and 
back  to  plain  Detasheet.  Since  the  geometry  factor  was  not  measured,  the 
experimental  data  yielded  more  correctly  a  conductance  ratio.  It  is  ex¬ 
pected  that  at  low  metal  fractions  the  geometry  of  the  detonation  zone 
would  remain  practically  the  same  as  in  pure  Detasheet,  but  at  higher  metal 
fractions  large  changes  could  exist.  It  is  speculated  that  the  effective 
area  of  conduction  increases  in  the  teBt  charge  because  the  metal  present 
acts,  along  with  the  walls,  as  additional  explosive  confinement  which  is 
known  to  produce  a  longer  detonation  zone.  This  effectively  increases  the 
conduction  area  in  the  present  case.  No  way  to  evaluate  these  effects 
was  available,  so  with  this  in  mind,  all  conductance  ratios  determined  will 
be  considered  as  conductivity  ratios.  Other  factors  entered  which  tend  to 
offset  this  effect.  The  most  important  was  that  the  capacitor,  C,  had  some 
equivalent  series  resistance,  R  ,  When  extremely  high  currents  are  drawn 
Q  >0.7,  the  actual  voltage,  V  ,  is  reduced,  which  makes  a  calculated  con¬ 
ductance  lower  than  the  actual;  This  was  not  corrected  for,  as  the  un¬ 
known  geometry  factor  likely  overshadows  it  in  magnitude,  although  they 
tend  to  cancel  one  another. 

To  measure  the  relative  conductance  designated  by  G,  recall 

Ohm's  law: 
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whore  Ip  and  Vp  refer  to  the  current  through  and  voltage  across  the  pLasma, 
respectively  (See  Figure  51).  The  desired  conductivity  ratio  is  then 
(assuming  A  '  equals  A  and  e  1  equals  e  ): 


I 


but  I  Is  given  by  V  /R  and  1  1  by  V  '/R  ,  and  V  and  V  '  are  V 
p®  ■'ss  p  7  s  s 1  p  p  o 

and  Vq  -  V  1  respectively,  so  Equation  47  becomes: 


This  relation  was  used  to  reduce  the  trace  data. 


V 

s 
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Now  reverting  back  to  the  notation  of  paragraph  B.,  it  is 
evident  that  cr'  ■  crT  and  a  m  a Q,  Thus: 


_SL 
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The  experimental  results  are  a  plot  of  G^./Go  versuB  Q,  the  metal  fraction 
for  copper  and  Type  316  stainless-steel. .  A°discussion  of  these  results 
is  presented  in  paragraph  3, 

e .  Velocity  Measurement 

The  charge  lengths  are  accurately  (  +0.005  in.)  measured 
during  assembly.  This  allows  calculation  of  the  average  detonation  velocity 
since  time  is  accurst'1'*  marked  on  the  traces  by  the  rise  and  fall  from 

V  to  V  *  uo  V  .  The  ime  is  measured  at  the  halfwidth  on  the  traces 
(Halfway  betweln  V  and  V  ').  Sometimes  it  was  measured  at  the  rise  from 

V  to  the  fall  fro&  V  1  al  the  lines  disappeared  on  the  steep  vertical 
pSrtions  of  the  trace®  The  average  detonation  velocity  is  then: 


D  -  c'  /  A  t  . 
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The  reasons  for  the  use  of  plain  Detasheet  on  either  side  of  the  test 
charge  are  now  apparent:  (1)  accurate  timing  marks  are  generated,  and 


(2)  the  last  piece  allows  determination  of:  whether  the  strength  of  the 
detonation  wave  in  the  test  charge  was  strong  enough  to  reinitiate  the 
Detasheet. 


3 .  Discussion  of  Conductance  Measurement  Data 


The  data  obtained  show  scatter  typical  of  electrical  measurements 
in  high  explosives. 

a.  Accuracy  of  Results 

Before  discussing  the  actual  results,  it  is  necessary  to 
warn  the  reader  of  one  characteristic  of  electrical  measurements  in  high 
explosives;  namely,  wide  apparent  variation  in  resultB  under  seemingly 
Identical  initial  conditions.  Jameson's  experiments  on  conductivity,  for 
instance,  show  such  scatter  in  the  data  that  the  reliability  of  the  re¬ 
ported  conductivity  of  Pentolite  or  Composition  B  is  within  a  +  50  percent 
tolerance  (33).  Our  own  work  with  similar  measuring  techniques  showed  some¬ 
what  the  same  variation.  Several  factors  affect  the  accuracy  of  the  pre¬ 
sent  experiments. 

First,  the  explosive  is  specified  to  have  a  storage  life  of 
1  yr  at  ambient  temperatures.  It  is  a  well-established  fact  that  age  or 
storage  at  improper  conditions  lead  to  erratic  properties  on  detonation  of 
the  explosive.  In  the  present  case,  the  explosives  were  over  1-yr-old  and 
had  been  stored  during  one  summer  in  a  hot,  humid  atmosphere.  One  would 
expect  pieces  of  one  lot  stored  under  identical  conditions  to  have  identical 
characteristics,  however. 

Second,  the  actual  test  chargea  were  made  using  the  ex¬ 
plosive  as  a  matrix  with  mixing  done  by  hand.  Several  variables  entered 
here.  Air  is  entrained  in  the  composite  by  the  mixing  process  (taffy 
motion).  Upon  detonation,  air  pockets  are  compreBBed  adiabatically  to  a 
high  temperature  and  contribute  co  electrical  conduction  because  of  the 
thermal  ionization  in  the  pocket  (33).  This  was  another  reason  for  evacuat¬ 
ing  the  blast  tank  prior  to  firing — to  allow  trapped  air  to  diffuse  out. 

To  check  for  air  entrainment,  a  shot  was  made  by  pretending  to  mix  in  an 
imaginary  additive  by  performing  all  operations  (taffy  pulling,  etc) 
without  actually  adding  a  metal.  The  results  indicate  no  air  was  trapped 
in  this  case.  However,  there  was  no  way  to  check  this  at  the  high  metal 
fraction,  and  there  is  some  reason  to  suspect  an  effect,  for  the  material 
becomes  much  more  difficult  to  mix  as  the  metal  fraction  Increases.  A 
cursory  check  under  a  100-power  microscope  showed  a  very  inhomogenious 
structure;  voids  exist,  at  least  on  the  surface.  Density  measurements 
were  made  on  completed  charges,  confirming  voids,  and,  even  though  the  ^ 
scatter  was  great,  a  general  trend  of  lower  explosive  density  (1.3  gm/cin  ) 
at  high  metal  fraction  was  confirmed.  Later  experiments  were  designed  to 
control  final  density  within  about  10  percent. 


Another  minor  factor  associated  with  the  mixing  process  is 
that,  although  only  plastic  gloves  were  in  contact  with  the  explosive 
during  mixing,  handling  the  charge  with  bare  hands  after  mixing  was  un¬ 
avoidable  . 

b .  Copper-Doped  Charges 

The  first  shots  fired  were  those  using  a  1.4-cm-long  charge. 
When  the  data  were  plotted  (Figure  53)  the  very  high  conductance  ratios 
were  compared  to  the  simple  Curve  2  of  Figure  41.  It  was  this  Large 
discrepancy  that  led  to  the  multiple-size  conductivity  theory.  No  other 
mechanism  was  able  to  account  for  such  high  conductance  ratios,  except 
perhaps  chemical  reaction. 

While  thiB  topic  is  generally  beyond  the  scope  of  the  pre¬ 
sent  investigation,  a  simple  experiment  was  undertaken  to  clarify  the 
effect.  If  chemical  reactions  do  occur,  only  the  very  fine  particles 
would  have  time  to  react  because  of  their  high  surface  area  to  volume 
ratio  (19).  To  check  thiB,  one  shot  was  made  using  copper  particles  that 
consisted  of  one  relatively  large  Bize  grouping,  namely  those  passing  a 
115  screen  and  stopped  by  a  150  screen  (average  diameter  115  micron).  No 
noticeable  difference  in  conductance  ratio  wbb  observed  compared  to  the 
general  trend  with  the  same  length  charge.  ThiB  point  is  marked  with  an 
asterisk  on  Figure  53.  If  chemical  reactions  due  to  small  particles  of 
copper  increase  conductance,  then  their  absence  in  thiB  shot  would  have 
substantially  reduced  the  conductance  ratio.  No  further  attempt  was  made 
to  verify  this  in  copper. 

The  data  in  Figure  53  is  compared  to  the  multiple  con¬ 
ductivity-increase  theory;  the  two  solid  curves  are  for  a  metal  with  five 
and  ten  discrete  sizes.  A  curve  of  100  discrete  sizes  could  have  been 
drawn  and  found  to  agree  fairly  well  with  the  data;  however,  this  is  mis¬ 
leading  and  has  been  omitted. 

When  velocity  measurements  ware  attempted  on  the  1,4-cm 
charges,  much  scatter  was  apparent.  Longer,  3*cm  charges  were  tried,  and, 
in  general,  higher  conductance  ratios  were  obtained  because  at  the  higher 
metal  fractions  more  time  was  needed  to  reach  steady  conditions.  Far  less 
scatter  in  the  data  1'  apparent  for  3-cm  charges,  so  the  experimental 
curve  In  Figure  53  w<  drawn  through  these  points. 

At  the  higher  values  of  Q,  some  charges  showed  such  high 
conductance  that  it  was  difficult  to  measure.  Although  the  current  was 
measured  accurately  by  V  ',  the  plasma  voltage,  V  * ,  was  extremely  low. 
Hence,  only  an  upper  limit  could  be  calculated  by^summing  the  known  voltages 
existing  in  the  series  circuit  (V  '  ■  V  1  -  V  ' );  any  stray  voltage  drop 
not  accounted  for  would  reduce  thl  calculated  value  of  V  ' .  One  such  drop 
is  the  unknown  equivalent  to  series  resistance  of  the  capacitor.  By 
Equation  47,  a  high  V  '  reduces  the  calculated  value  of  G„,  and  likewise 
the  value  of  G^/G  siEce  G  is  known  accurately.  Data  mafked  with  an 
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Figure  53.  Conductance  ratio  GT/G0  versus  Q,  copper 
fraction  by  weight 
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upward-pointing  arrow  on  Figure  53  have  been  calculated  this  way;  the 
true  conductance  ratio  lies  above  the  indicated  point.  The  highest  point, 
at  Q"  0,802,  was  made  with  a  5-cm  charge  length  to  ensure  steady  con¬ 
ditions,  Again  V  1  was  practically  zero,  and  only  a  lower  limit  to  the 
conductance  ratio^was  established.  The  actual  value  of  shot  64  is  approxi¬ 
mately  a  two  order  of  magnitude  increase. 

c .  Type  316  Stalnless-Steel-Doped  Charges 

Figure  54  shows  similar  conductance  data  for  the  Type  316 
Btainless-steel-bearing  charges.  As  with  copper,  the  1.4-cm  charges 
Bhowed  a  lower  conductance  trend  at  the  higher  metal  fraction  because  not 
enough  time  was  allowed  for  steady  conditions  to  develop.  The  3-cm  charges 
showed  very  consistent  results  both  in  conductance  ratio  and  velocity. 

The  last  point  at  Q  -  0.826  indicated  that  a  very  definite  plateau  in 
conductance  was  being  reached.  With  other  charges  containing  greater  than 
80-percent  metal,  the  detonation  either  failed  to  propagate  or  "low  order" 
detonation  occurred.  This  1b  typified  by  temperature,  pressure,  and 
velocity  intermediate  to  that  obtained  during  detonation  or  strong  deflagra¬ 
tion.  The  data  became  very  erratic  in  this  regime;  therefore,  most  shots 
were  made  at  lower  metal  fractions. 

The  experimental  data  falls  so  close  to  a  theoretical  curve 
that  no  experimental  curve  was  deemed  necessary.  The  correspondence  is 
only  coincidental,  however.  To  check  further  the  effect  of  size  distri¬ 
bution  on  conductance  and  confirm  if  chemical  reaction  was  a  factor,  a 
shot  (marked  by  an  asterisk)  was  fired  with  all  metal  particles  less  than 
400  mesh  (diameter  less  than  38  microns).  No  chemical  reaction  effects  are 
Indicated  because  instead  of  a  conductance  ratio  increase,  a  definite  drop 
was  noted,  Since  there  were  fewer  size  groupB  left  in  the  charge,  this 
result  could  be  anticipated  on  the  basis  of  the  multiple-size  theory.  The 
point  falls  somewhere  between  one  Bize  and  five  sizes.  This  is  very 
analogous  to  the  size  distribution  requirements  for  obtaining  Btrong  con¬ 
crete  from  rock  gravel,  sand,  and  cement.  Very  definite  proportions  of  the 
ingredients  exist  for  optimum  properties  depending  on  the  size  distribution 
of  rock,  gravel,  and  sand,  the  usual  rule  being  that  the  strongest  con¬ 
crete  is  obtained  by  using  a  nominal  amount  of  cement.  (The  cement  itself 
Is  very  weak,  especially  In  tension,  and  is  only  used  to  bind  the  stronger 
mineral  fragments  top  ►her.)  For  the  conductivity  problem,  just  enough 
explosive  (cement)  si  aid  be  used  to  bridge  the  gaps  between  higher  con¬ 
ductivity  particles  (..ocka,  etc). 

d.  Iron- Doped  Charges 

Spherical  iron  powder  was  also  tried  as  a  dopant.  Even  in 
the  3-cm- long  charges  the  conductance  when  using  spherical  iron  powder 
was  inferior  to  stainless-steel  at  similar  metal  fractions.  On  an 
intuitive  basis,  commercial- grade  sponge  iron  was  then  tried  as  a  dopant 
with  gratifying  results.  The  measured  conductance  was  similar  to  that 
with  copper  although  pure  iron  is  about  a  factor  of  5  less  than  copper  in 
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basic  conductivity.  To  examine  for  differences  between  the  two  types  of 
iron  powders,  several  physical  properties  were  examined.  Upon  screening, 
the  sponge  iron  had  a  size  distribution  almost  identical  to  the  spherical 
copper  and  Type  316  stainless-steel  powders.  The  spherical  iron,  however, 
was  heavy  in  fine  particles.  To  clarify  the  reason  for  the  poor  per¬ 
formance  when  using  spherical  iron,  a  mixture  of  spherical  powder  was  made 
from  the  various  screenings  to  duplicate  the  size  distribution  of  the 
sponge  iron,  The  results  of  this  experiment  are  shown  in  Figure  55.  Since 
the  undetonated  sponge  iron  charge  conductance  increases  drastically  when 
the  iron  content  is  greater  than  50  percent  by  weight,  only  enough  shots 
were  fired  to  illustrate  the  difference  between  identical  size  distributions 
of  sponge  iron  and  spherical  iron  in  Detasheet,  '  The  reference  curves  are 
from  Figures  53  and  54,  The  upper  Curve  follows  the  3-cm  copper  data  while 
the  lower  curve  corresponds  to  experimental  results  with  Type  316  stainless- 
steel.  Notice  that  the  sponge  iron  produces  a  conductance  which  is  equal 
to  or  better  than  the  copper  dopant  while  spherical  iron  is  similar  to 
Type  316  stainless-steel  or  worse.  Based  on  the  relative  conductivities 
of  the  various  ingredients  one  would  expect  iron  to  fail  somewhere  between 
copper  and  Type  316  stainless-steel.  It  was  thought  from  the  duller  appear¬ 
ance  of  the  spherical  iron  that  oxideB  had  formed  causing  an  electrical 
insulation  layer,  However,  under  microscope  examination,  both  the  sponge 
iron  and  spherical  iron  have  equally  bright,  shiny  surfaces  indicating 
that  this  is  not  the  case.  More  is  said  ,about  iron  powder  in  paragraph  D. 

e.  Comparison  of  Copper  and  Stainless -Steel 

It  is  definitely  clear  from  the  experimental  data  that  the 
conductivity  enhancement  due  to  copper  is  significantly  greater  than  that 
of  stainless -steel .  The  simple  theory  was  based  on  an  infinite  con¬ 
ductivity  ratio,  v  ,  because  both  copper  and  stainless-steel  have  essentially 
infinite  conductivity  compared  to  the  conductivity  of  the  detonation  pro¬ 
ducts.  The  difference  may  result  from  a  change  in  a  (See  Figure  35)  due 
to  the  different  metal  densities  involved,  Obviously,  the  simple  multiple- 
conductivity  theory  is  inadequate.  It  does,  however,  show  the  trend  in 
conductivity  when  there  is  a  size  distribution. 

f .  Velocity  Measurements 

The  ef of  the  additive  metal  on  the  detonation  velocity 
is  summarized  in  Figu  56.  All  of  the  1,4-cm  data  are  considered  un¬ 
reliable  because  of  insufficient  charge  length.  For  some  reason  even  the 
3-cm  charges  of  copper  showed  erratic  average  velocities,  but  this  can  be 
correlated  with  the  reignition  of  the  downstream  piece  of  Detasheet.  For 
instance,  a  3-cm  charge  containing  79-percent  copper  had  an  average  detona¬ 
tion  velocity  of  about  3  km/sec;  the  downstream  Detasheet  did  not  ignite. 

A  charge  with  approximately  70  percent  had  an  average  velocity  of  5  km/sec; 
the  downstream  piece  did  ignite.  This  is  associated  with  "low  order" 
detonation  just  mentioned. 


Figure  55.  Conductance  ratio  for  sponge  iron  and  spherical  iron  in 

Detaaheet  versus  Q  (solid  lines  are  averaged  experimental 
values  from  nominal  3-cm  charges  of  spherical  copper  and 
316  stainless-steel,  from  Figures  53  and  54) 
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The  1.4-cm  Type  316  stainless-steel  charges  likewise 
showed  scatter  due  to  insufficient  length,  but  were  generally  above  the 
copper  values.  The  most  consistent  data  resulted  from  the  3-cm  stainless 
steel  charges.  For  this  reason,  the  only  curve  drawn  1b  through  these 
points,  These  points  also  are  generally  above  corresponding  copper  data. 

One  possible  reason  for  the  difference  between  copper  and  stainlesu-stecl 
aside  from  a  slight  density  difference,  is  the  fact  that  the  thermal  con¬ 
ductivity  of  stainless-steel  is  less  than  that  of  copper.  As  mentioned 
previously,  work  by  Taylor  indicated  that  the  secondary  mechanism  for 
velocity  slowdown  was  heat  transfer  to  the  colder  metal  particle.  The 
present  data  are  similar  to  Taylor's  past  work  and  are  not  unexpected, 

The  major  importance  of  this  velocity  data  is  in  connection  with  Rm»  which 
is  the  subject  of  the  next  paragraph. 

g.  Magnetic  Reynolds  Number 

An  intelligent  estimate  of  the  value  of  R  to  use  in 
Equation  8  can  now  be  made.  All  of  the  factors  constituting  R  have  been 
investigated.  In  paragraph  B.,  fx  was  determined  to  be  betweeS  one  and 
ten  times  ,  depending  on  the  metal  fraction,  q.  A  constant  value  of 
8  /i  is  auf?icient  for  the  present  calculations.  Conductivity  and  velocity 
information  have  been  obtained  experimentally  as  shown  in  Figures  53,  54, 

55,  and  56.  Because  of  the  uncertainty  in  the  value  of  a,  the  effective  con¬ 
duction  zone  width,  it  is  seen  why  conductance  ratio  was  measured,  Con¬ 
ductance  and  conductivity  are  related  by: 


Since  b  and  e  are  the  same  for  Detasheet  and  the  test 
charge,  the  conductances  ratio  can  be  written  from  Equation  51: 


52 


Again  using  primes  for  the  test  charge  quantities.  Equation  8  becomes: 

R  '  ■  /u  '  <r  '  a 1  D'  53 


which  by  Equation  52  can  be  written  as; 


.  ®T  — 

**  '  <*o  V  G~  D’ 


54 


105 


The  important  point  about  Equation  52  is  that  with  assumed  or  experimental 
values  of  ar  ,  a  ,  and  fi '  ,  the  magnetic  Reynolds  number  may  be  estimated 
by  multiplying  tfie  conductance  data  on  Figures  53  and  54  by  values  of  D 
from  Figure  56. 

Assuming  the  not  unreasonable  values  of 
/a'  -  0  "  ^h/m 

tX  m  10  mho/m  (from  the  tabulation  on  page  71,  Composition  U) 

-  m"  2 

a  "10  m 
o 

allows  Equation  54  to  be  written  as; 


Equation  55  has  been  plotted  in  Figure  57  for  both  copper 
and  Type  316  stainless-steel.  The  most  significant  features  are  an  in¬ 
crease  in  R  to  values  greater  than  ten  for  stainless-steel  (which  1b 
appropriatemto  anticipated  magnetic  materials)  and  a  maximum  in  R  at 
about  80-percent  metal  fraction.  Note  that  the  two  curves  have  been 
shifted  vertically  to  separate  the  data  polnte  for  clarification.  If  the 
fact  that  fj.  is  a  function  of  Q  had  also  been  included  in  Equation  55, 
then  increases  in  R  for  stainless-steel,  from  no  metal  present  to  the 
maximum  value,  woulcf  have  been  closer  to  a  factor  of  100.  This  is  indeed 
a  significant  increase.  However,  the  fact  remains  that  regardless  of  the 
Increase  in  R  from  the  metal  addition,  high  absolute  values  of  K  are 
necessary.  Tffeae  results  Indicate  that  an  R_  of  about  ten  is  attainable, 
depending  on  the  actual  values  of  9  and  a  that  are  attained  in  an 
optimum  charge. 
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Figure  57.  Rationalized  magnetic  Reynolds  number  versus  Q, 
metal  fraction  by  weight  for  copper  and  Type  316 
stainless-steel 
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D.  POWER  GENERATION  EXPERIMENTS 

The  conductance  experiments  described  previously  definitely  verify 
the  hypotheses  that  a  metal  additive  can  be  used  successfully  to  increase 
the  conductance  of  the  detonation  zone.  With  this  data  as  a  guide,  power 
generation  experiments  were  undertaken.  The  magnetic  field  was  simulated 
by  a  steady  magnetic  field.  Because  finely  divided  permanent  magnet 
materials  were  not  available,  it  was  not  feasible  to  fabricate  a  charge 
with  a  high  permanent  magnetization. 

The  power  generation  experiments  were  also  prompted  by  several 
deficiencies  of  the  conductance  .measurements .  Besides  conductance,  an 
important  power  generation  parameter  is  the  effective  velocity  of  the 
detonation  products,  aD,  from  Equation  11.  This  can  only  be  determined 
by  measuring  open  circuit  voltages  in  actual  power-generating  configurations, 
When  higher  metal,  fractions  were  utilized,  the  conductance  became  so 
great  that  the  simple  dc  conductance  measuring  system  was  incapable  of 
accurate  measurement  because  of  unknown  series  voltage  drops.  Also,  when 
the  undetonated  charge  conductance  increased,  it  was  difficult  to  keep  a 
charge  on  Capacitor  C. 

The  experimental  equipment  is  described  in  paragraph  1.  (below),  and 
the  power  generation  characteristic  curves  are  presented  in  paragraph  2. 
for  the  various  compositions.  The  various  power  generation  experimental 
data  are  compared  by  magnetic  Reynolds  number  consideration  in  paragraph 
3. 

1 .  Experimental  Apparatus 

a.  Magnet 

The  maiu  piece  of  equipment  used  in  these  experiments  was 
a  large,  H-frame,  watercooled  electromagnet  of  75-kw  rating  (Pacific 
Electric  Motors,  Model  12  A-LI) .  The  magnet  was  used  without  pole  faces 
bo  the  largest  possible  volume  was  available.  This  resulted  in  a  working 
space  of  20-in.  diameter  x  6-1/2-in.  net  gap.  The  field  strength  is 
limited  to  about  0.9  tesla  in  this  configuration. 

The  m?  net  was  calibrated  with  a  rotating  coil-type  meter. 

For  a  particular  sho.  the  voltage  across  the  current  shunt  is  measured 
just  prior  to  firing,  and  again  immediately  after  the  shot.  Any  variation 
(<  5  percent)  during  this  interval  allows  the  actual  current  shunt  voltage 
to  be  deducted  by  Interpolation. 

b .  Test  Section 

To  detonate  safely  the  charges  in  the  magnet,  a  test  chamber 
was  constructed  from  a  short  length  of  nonmagnetic  stainless-steel  tubing 
(5- in.  0D  and  3/4-ln.  wall).  End  plates  of  micarta  and  aluminum  were  held 
on  with  through -bol ts ,  spring  loaded  to  absorb  the  shock  of  the  blast. 
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The  end  plates  served  to  mount  the  charge  sting,  feedthrough  bushings  for 
the  instrumentation,  and  a  vacuum  fitting.  No  special  precautions  were 
taken  to  protect  the  magnet  from  blast  damage.  The  test  chamber  success¬ 
fully  contained  all  fragments  of  the  shot  and  the  generated  gas  escaped 
harmlessly  by  blowing  out  the  rubber  cork  feedthrough  bushings  in  the  end 
plates.  Air  in  the  chamber  was  pumped  out  and  propane  admitted  to  pre¬ 
clude  ionization  of  the  residual  air  in  the  test  section. 

The  test  chamber  was  suspended  from  a  small  I-beam  rail 
providing  easy  access  to  both  ends  of  the  tube.  When  fully  instrumented, 
it  was  easily  rolled  into  the  magnet  gap.  The  physical  arrangement  of  the 
magnet  and  test  chamber  is  shown  in  Figure  58.  The  oscilloscope  instrumenta¬ 
tion  is  shown  in  the  lower  right-hand  corner. 


Figure  58.  Phase  II  power  generation  equipment:  magnet  is  behind 

metal  cabinet  and  test  section  is  hanging  on  I-beam  with¬ 
drawn  from  magnet  gap;  oscilloscopes  are  in  lower  right- 
hand  corner 

c.  Charge  Assembly 

Figure  59  shows  the  charge  on  the  wooden  sting.  The  blasting 
cap  was  housed  in  a  wooden  block  to  prevent  the  metal  case  shrapnel  from 
moving  through  the  magnetic  field  and  inducing  stray  triggering  voltages. 
Reliable  triggering  was  obtained  by  using  the  two  probes  shown  entering 
the  trapezoidal  piece  of  Detasheet  explosive.  When  the  detonation  passes 
the  probes  they  are  effectively  short-circuited.  A  12-volt  battery  forms 
a  series  circuit  with  the  probe  switch  and  is  applied  to  the  triggering 
circuit  of  both  oscilloscopes.  The  charge  is  fired  by  applying  6  volts  dc  to 
the  blasting  cap  with  the  same  control  scheme  as  in  Figure  48. 
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Figure  59.  Test  charge  mounted  on  sting:  blasting  cap  is  on  right  end, 
then  wave  shaper  and  test  charge;  electrodes  protrude  from 
charge  case  for  load  and  signal  lead  connection 

The  charge  case  is  made  of  epoxy>glued  micarta  with  metal 
electrodes.  The  explosive  composite  is  compacted  in  layers  from  rear  to 
front  as  viewed  from  the  detonation  direction  and  tamped  with  a  wooden 
dowel  between  layers.  The  charge  assembly  dimensions  are  measured  with  a 
micrometer  and  recorded,  The  charge  case  is  weighed  to  an  accuracy  of 
1  mg  before  and  after  Eilling,  so  the  total  charge  density  can  be  calculated. 
Electrical  tape  is  used  to  mounc  securely  all  components  of  the  detonation 
train  in  their  proper  position. 

d .  Instrumentation 

Figure  60  shows  the  charge  configuration,  electrical 
schematic,  and  a  typical  test  record.  As  in  the  conduc.ance  measurements, 
coupling  to  the  charge  is  effected  by  electrodes  in  contract  with  the 
explosive.  The  range  of  load  resistances  used  was  between  open  circuit, 
which  is  102  ohms  due  to  the  cable  terminating  reeistoit,  and  about  5 
milliohms.  The  loads  were  made  of  nichrome  or  constantan  wire.  The  only 
variable  measured  is  the  voltage  across  the  load.  Ar  analysis  of  the 
pulse  length  shows  that  the  electrical  skin  effect  in  the  load  can  be 
neglected  since  the  basic  frequency  is  about  50  kHz,  Thus  the  dc  resistance 
measured  before  firing  is  considered  as  the  resistance  during  the  event. 

The  charge  resistance  is  usually  greater  than  I0y  ohms.  Joule  heating  of 
the  load  during  the  evont  is  found  to  be  of  small  order  (for  a  typical 
shot  the  voltage  across  the  load  is  1  volt  and  the  current  is  400  amp  for 


Figure  60.  Charge  configuration,  electrical  schematic 
typical  test  record 
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8  microsec,  yielding  3,2  x  10  Joules  dissipated  in  the  load).  Hall 
effects  and  magne tores  is tance  can  also  be  neglected.  Thus  the  current 
can  be  calculated  with  confidence  from  the  measured  values  of  load  voltage, 
V^,  and  load  resistance,  R^. 

The  load  resistance  was  placed  close  to  the  end  of  the 
charge  to  eliminate  voltage  drops  when  high  currents  are  drawn,  Terminated 
RG58/U  coaxial  cables  applied  both  the  cathode  and  the  anode  voltages  to 
the  vertical  amplifiers  of  the  oscilloscopes.  The  547  oscilloscope  pre¬ 
sented  the  cathode-anode  difference,  which  is  the  net  voltage  across  the 
load.  The  actual  load  consists  of  a  paralleled  combination  of  the  load 
resistance,  R.,  and  the  two  51-ohm  cable  terminating  resistors  in  series 
which  would  be  102  ohms.  The  555  oscilloscope  traces  measure  the  voltage 
of  each  electrode  with  respect  to  ground  and  in  a  sense  yield  redundant 
data  to  enable  calculation  of  load  voltage  in  cacte  of  malfunction  of  the 
other  oscilloscope.  Electrical  shorts  to  ground  would  be  indicated  by  the 
555  trace. 


All  traces  show  a  characteristic  overshoot  at  the  beginning 
of  the  event  with  a  rapid  relaxation  to  steady  conditions.  The  Blight 
oscillation  in  the  amplitude  of  the  voltage  may  be  due  to  density  changes 
in  the  charge  as  a  result  of  tamping  the  composite  by  hand.  Voltages  used 
for  comparative  purposes  are  measured  at  the  average,  toward  the  end  of 
the  event,  l'etonation  velocity  is  calculated  by  measuring  the  event  time 
from  the  trace  (beginning  of  rise  to  beginning  of  fall)  combined  with  the 
known  length  of  the  charge, 

2 .  Results  of  Power  Generation  Experiments 

a.  Spherical  Copper  in  Detasheet  (1/8- In. -Thick) 

The  first  power  generation  experiments  were  conducted  using 
spherical  copper  dopant  in  reconstituted  Detasheet  1/8- in. -thick.  The 
first  series  of  shots  yielded  the  data  shown  in  Figure  61.  The  ordinate 
is  the  voltage  across  the  load,  V,,  obtained  from  the  oscilloscope  trace. 
The  abscissa  is  the  current  calculated  on  the  basis  of  V  and  the  measured 
load  resistance,  R_,  before  firing.  The  maximum  open  circuit  voltage  of 
about  5  volts  indicates  that  effective  velocity  of  the  detonation  products 
is  about  one- tenth  th  detonation  velocity.  We  define  the  parameter,  a  , 
as  the  ratio  of  the  t  .ective  velocity  for  voltage^generation  to  the 
detonation  velocity,  ri,  by  the  relation  a  ■  V  /B  De,  where  e  is  the 
electrode  separation  and  B  is  the  magnetic  induction.  From  a  conventional 
MHD  generator  the  generated  voltage  would  be  uBe,  so  a  D  is  equivalent  to 
u. 


Another  feature  is  the  large  scatter  in  the  data;  the  bare 
indicate  the  maximum  (except  initial  overshoot)  and  minimum  voltage 
appearing  across  the  load  resistance  during  the  event.  This  variation  is 
thought  to  be  due  to  the  fact  that  the  charges  are  tamped  by  hand  forming 
multiple  layers  of  varying  density  in  the  detonation  direction.  Since  the 
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.Figure  61-  Generator  characteristics  curve,  71.5%  copper  in  Detasheet 


open  circuit  voltage  Is  fairly  steady,  the  data  suggests  that  the  plasma 
conductance  Is  more  sensitive  to  density  variation  than  is  the  detonation 
velocity  (V  “OB  De).  This  is  confirmed  by  the  increased  excursion  as 
the  currents  approach  short-circuit  conditions.  For  this  set  of  experiments, 
a  short-circuit  current  of  about  50  amps  results.  Maximum  power  generated 
was  about  70  watts.  When  referred  to  the  cross-sectional  area,  the  power 
was  1.1  x  10°  w/m  . 

No  attempt  has  been  made  to  refine  this  data  by  taking  into 
account  variations  in  charge  geometry,  detonation  velocity,  magnetic  field 
strength,  or  orientation  with  respect  to  magnetic  direction,  etc,  The 
reason  is  that  the  detonation  velocity  varies  widely,  most  likely  due  to 
the  thinness  of  the  charge  at  such  a  high  metal  fraction.  A  1/4-in.  charge 
was  selected  subsequent  to  experimentation.  In  this  case  the  velocity  data 
proved  much  more  consistent.  The  series  of  experiments  with  the  1/8- in. 
Detasheet  was  of  value  in  developing  techniques  and  procedures. 

In  attempts  to  explain  the  scatter  in  the  data  of  the  pre¬ 
vious  figure  it  was  found  that  detonation  velocity  was  directly  Involved. 
Shota  with  a  higher  than  expected  output  voltage  had  a  higher_detonation 
velocity,  all  other  parameters  constant.  Since  the  product  BDe  has  the 
units  of  volts,  it  is  natural  to  normalize  the  data  against  this  parameter. 
For  purpose  of  analyses,  the  succeeding  data  are  presented  in  the  form  of 
plots  where  the  voltage  has  been  normalized  to  V  /BDe  and  the  normalized 
current  is  given  by  (V  /BDe) /R_.  The  slope  of  t.Re  nominally  straight 
lines  connecting  the  data  points  is  the  plasma  resistance,  R  .  The  re¬ 
ciprocal  of  this  is  the  plasma  conductance,  G.  If  the  data  !s  extra¬ 
polated  back  to  open  circuit  conditions,  the  intercept  is  by  definition 
a  ,  or  the  ratjLo  of  effective  actual  particle  velocity  to  detonation 
velocity  (v  *  a  D) .  The  parameter  k  1b  usually  used  to  indicate  the  degree 
of  loading  of  a  generator.  It  is  defined  as  k  ■  V  /V  .  Thus  the  ordinate 
of  the  generator  curves  is:  oc 


H  De  V  B  De 

oc 


The  current  axis  (abs  ssa)  is  then  the  normalized  value,  k  a  ,  divided 
by  Rl. 

b.  Spherical  316  Stainless-Steel  in  Composition  C-4 

The  next  test  series  was  conducted  using  Type  316  stainless- 
steel  dopant  in  Composition  C-4.  The  charges  were  made  1/4- in. -thick  on 
the  basis  of  the  discussion  presented  previously.  Stainless-steel  was 
selected  for  these  experiments  because  of  its  more  consistent  performance 
in  the  conductance  measurements,  especially  the  small  scatter  in  detonation 
velocity  decrease  at  high  met  >1  fractions.  The  results  of  these  Hxperi- 
uents  are  shown  in  Figure  62.  Because  of  normalization,  the  data  points 
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have  smaller  deviation  than  those  shown  In  the  previous  figure.  Notice 
that  the  scatter  is  greater  at  the  highest  metal  fraction,  again  indicating 
that  the  charge  width  is  too  thin  to  consistently  give  steady,  equilibrium 
detonation. 


The  normalized  open  circuit  voltage  indicates  that  a  *  1/10, 
but  there  is  a  slight  increase  at  the  higher  metal  fraction.  The  reason 
is  unknown  at  this  time,  but  it  can  possibly  be  explained  in  terms  of  the 
two-phase  flow  characteristics  of  detonations  (interference  drag  between 
particles).  This  point  will  be  clarified  when  the  next  series  is  discussed. 
To  obtain  an  idea  of  generator  action  efficiency,  the  current  value  at 
k  a/R^  -  0.2  corresponds  to  about  10  ampB.  On  this  basis,  the  short- 
circuit  current  would  be  double  this  or  20  amps.  In  terms  of  H  ■  I/b, 
this  is  20  amps/0.25  in.  or  3  x  10^  ampere  turns/meter. 

c .  Sponge  'Iron  in  Composition  C-4 

The  results  of  the  series  using  Allen-Wood  Steel  Co.  sponge 
iron  in  Composition  C-4  are  presented  in  Figure  63,  The  most  notable 
difference  between  this  figure  and  the  previous  stainless-steel  summary 
is  the  factor  of  three  increase  in  open  circuit  voltage;  av  1/3  for  all 
three  curves.  Also  note  that  the  current  scale  is  a  factor  of  ten  greater 
in  the  present  figuru.  For  reference,  the  dotted  line  indicates  the  65 
percent  Type  316  stainless-steel  data  from  the  previous  figure.  The  maxi¬ 
mum  power  delivered  to  a  resistive  load  1b  one-hslf  the  open  circuit 
voltage  times  one-half  the  short-circuit  current,  or  one-half  the  area  of 
a  triangle  formed  by  the  axes  and  the  load  line.  On  this  basis  the 
maximum  power  output  of  the  65-percent  iron- loaded  Composition  C-4  is 
approximately  100  times  better  than  the  65-percent  stainless-steel  charges. 


Using  Equation  14,  the  power  generated  in  these  experiments 
can  be  determined.  The  power  per  unit  area  is 


K 
b  e 


i 


W 

4 


2 

For_the  65-percent  Allen-Wood  iron  shots,  a 
H  D®4  km/sec.  B  *  1  tesla,  so 
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0 . 1  and  era  «  G  ■  7  0  mho ,  D 


K  »  3.0  x  107  watts  ■  3  ^  58 

b  e  m^  cm^ 

This  is  an  even  higher  value  than  estimated  in  Equation  15.  However, 
caution  should  be  exercised  in  trying  to  apply  this  result  to  an  actual 
device  using  a  permanent  magnet  material.  The  main  reason  is  that  G 
will  likely  be  much  less  and  B  will  be  much  less  than  1  tesla  for  the  low 
volume  fraction  of  metal  present  (*“30  percent). 
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Figure  63.  Sunmary  of  normalized  generator  characteristics  fo 
sponge  iron  in  Composition  C-4  (B =  5-K  gauss;  char; 
thickness  is  1/4  in.) 


In  both  the  Type  316  stainless-steel  experiments  and  the 
sponge  iron  experiment,  Composition  C-4  was  used  as  the  parent  explosive, 

By  plotting  G  versus  Q  for  the  two  metals,  one  can  extrapolate  both  curves 
back  toward  zero  and  determine  the  effective  conductance  of  pure  Composi¬ 
tion  C-4.  It  was  not  possible  to  confirm  this  value  experimentally  because 
of  the  excess  amount  of  explosive  required.  This  data  closely  resembled 
the  conductance  data  of  Figures  53  and  54;  that  is,  a  roughly  parabolic 
shape  on  semilog  paper.  Thus,  the  conductance  data  can  be  represented  as 
an  equation  in  the  form: 

In  G?  -  In  Gq  -  X  (q2)  59 

or 

Gt/Gq  -exp^Q2) 

The  data  for  sponge  iron  was  put  on  a  curve-fitting  routine 
for  an  IBM  360/40  computer  and  a  value  of  20  was  derived  for  X  .  Time  did 
not  permit  evaluating  X  for  Type  316  stainlesa-steel ,  but  it  is  expected 
to  be  around  5.  Using  this  functional  relationship  it  is  possible  to 
extrapolate  back  to  Q  ■  0  and  to  determine  G  for  Composition  C-4.  On  the 
basis  of  this  backward  extrapolation,  it  is  Seen  that  there  is  a  three 
order  of  magnitude  increase  in  conductance  when  Composition  C-4  is  doped 
with  a  65  percent  by  weight  metal  fraction.  If  the  charges  were  large 
enough  to  allow  "ideal"  one-dimensional  detonation,  an  even  higher  metal 
fraction  could  be  utilized  before  the  detonation  failed  to  propagate.  In 
the  size  charge  used  here,  propagation  was  not  obtained  at  73  percent  by 
weight.  It  should  be  noted,  however,  that  65  percent  by  weight  is  approxi¬ 
mately  30  percent  by  volume  for  iron  in  Composition  C-4. 

d .  Velocity  Effects,  Spherical  verBUB  Angular 

It  can  be  definitely  stated  that  the  particle  shape  must  be 
(at  least  in  part)  responsible  for  the  higher  open  circuit  voltages, 
Chemical  reactions  can  also  be  invoked,  but  then  why  do  such  chemically 
diverse  particles,  copper  and  Type  316  stainless-steel,  have  the  same  open 
circuit  potential?  From  simple  aerodynamics,  the  drag  coefficient  for 
irregular  shapes  can  be  up  to  a  factor  of  ten  »,reater  than  for  a  sphere 
under  similar  flow  Reynolds  numbers.  The  iron  particles  were  viewed  under 
a  metallurgical  microscope  and  photographed  to  illustrate  the  Irregular 
shape  (Figure  64).  An  idea  of  the  size  distribution  is  also  easily 
determined.  This  photograph  was  selected  because  it  shows  both  the  larger 
sized  particles  and  the  smallest.  The  superimposed  scale  is  graduated  in 
0.0005-in.  (12,7  micron)  divisions. 

If  the  iron  particles  are  accelerated  to  a  higher  velocity, 
then  the  gas  phase  necessarily  loses  this  additional  amount  of  kinetic 
energy.  This  should  appear  as  a  further  decrease  in  detonation  velocity. 
Figure  65(a)  shows  the  measured  detonation  velocity  plotted  against 
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Figure  64.  Photograph  of  the  sponge  iron  additive  showing  definite 

angular  shape  and  size  distribution  (disLunce  between  super- 
imposed  vertical  lines  is  0.0005  in.) 

the  total  calculated  charge  density  for  both  iron  and  Type  316  stainless- 
steel.  The  straight  lines  are  drawn  to  eliminate  the  scatter  so  that 
Figure  65(b)  can  be  plotted  to  show  T>  as  a  function  of  Q,  From  either 
figure  it  is  clear  that  the  iron  particles  with  their  higher  drag  co¬ 
efficient  have  reduced  the  detonation  velocity  more  than  the  same  amount 
by  weight  of  spherical  particles.  The  density  of  iron  and  Type  316 
stainless-steel  are  nearly  the  same,  ruling  out  the  effect  of  different 
inertial  forces  on  the  velocity  decrease. 

The  only  trouble  encountered  in  the  use  of  the  iron  powder 
is  that  above  65  percent  by  weight,  the  undetonated  charge  becomes  more 
conductive.  This  is  attributed  to  the  irregular  shape,  allowing  particles 
to  touch,  forming  long  metallic  conducting  paths  in  the  composite.  This 
definitely  contributes  to  the  scatter  in  dr.ta  taken  at  high  metal  fractions. 

The  use  of  cast  charges  would  improve  thir  situation. 

e.  Spherical  Copper  in  Composition  C-4 

,  It  has  been  possible  to  confirm  further  what  has  been  con¬ 

cluded  about  spherical  versuB  angular  shape.  One  short  series  of  shots  has 
been  made  with  65-percent  spherical  copper  in  Composition  C-4,  resulting 
in  Figure  66,  As  expected,  the  open  circuit  conditions  indicate  o  »  1/10. 

The  conductance  is  the  highest  so  far  measured.  Detonation  velocity  for  these 
shots  remained  higher  than  thoBe  with  Type  316  stainless-steel  (also  spherical) 
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Figure  65(a).  Measured  average  detonation  velocity  as  a  function  of 
calculated  total  charge  density  for  sponge  (Allen-Wood) 
iron  and  spherical  stainless-steel 


figure  65(b),  Data  in  Figure  65(a)  reduced  to  show  average  detonation 
velocity  as  a  function  of  Q,  metal  weight  fraction 


but  where  plotted  versus  total  charge  density  as  in  Figure  65  for  Type  316 
stainless-steel,  large  deviation  was  apparent  even  though  greater  efforts  have 
been  taken  to  ensure  accurate  measurement  of  both  detonation  volocLty  and  den¬ 
sity.  It  was  found,  however,  that  when  the  detonation  velocity  was  plotted 
versus  the  load  resistance  a  very  definite  correlation  was  noted.  From  a 
velocity  of  5.98  km/sec  at  0.11  SI  ,  D  decreased  smoothly  to  5.43  km/sec 
at  0,017  SI,  roughly  a  10-percent  drop. 

3 .  Magnetic  Reynolds  Number 

All  of  the  previous  data  presented  on  the  characteristic  curves 
can  be  compared  by  using  the  magnetic  Reynolds  number  as  a  criterion.  It 
is  desirable  to  normalize  the  data  for  variations  in  charge  width  (b)  and 
height  (e);  this  is  easily  done  by  considering  basic  equations  for  con¬ 
ductance  , 

G  (Q)  -<r(q)  £-3-19.1  61 


Since  R  ■  a<rD/i,  we  can  uae  the  conductance  value,  G,  to  determine  the 
<ra  pro8uct.  From  above  or  a  ■  G  (Q)  (  %  ). 

Therefore 

Rm  -*i(Q)  G  <Q)  <  §  )  D  <Q)  .  62 

Time  has  not  permitted  a  definite  evaluation  of/*  as  a  function 
of  Q  for  the  iron  or  expected  permanent  magnet  materials.  However,  it 
can  never  be  less  than  /a  so  this  value  will  be  used  to  simplify  the 
calculations.  We  can  calculate  R  as  a  function  of  Q  using  the  functional 
variation  of  conductance,  G  (Q)  (shown  in  Figures  53,  54,  and  55),  the 
detonation  velocity,  D  (Q)  (shown  in  Figure  65),  and  the  geometrical 
factors,  e  and  b,  for  the  various  experiments.  Fog  the  conductance  data 
using  Datasheet,  e  ■  0.019  m  and  b  **  0.028  m,  so  (5)  -  6,82.  Fgr  the 
power  generation  experiments  e  ■  0.0152  m  and  b  «  0.063  m,  so  (^)*  2.44. 
Figure  67  is  a  plot  of  R  which  summarizes  this  data.  The  moat0 important 
fact  is  that  these  curve?  are  absolute  Reynolds  numbers  based  on  u  and 
not  rationalized  as  was  done  in  the  preparation  of  Figure  57,  It  Is  con¬ 
sidered  notable  that  the  data  indicates  R  approaching  unity.  If  an 
eventual  material  with  a  permeability  of  2  few  times  p.  is  employed,  then 
R  will  definitely  be  greater  than  one.  Factors  worth°consideration  for 
Improving  these  values  are: 

(a)  Different  parent  explosives,  such  as 
Composition  B  with  higher  initial  c 

(b)  Larger  charges  so  that  ideal  detonation  is 
achieved  giving  larger  17  values  and  lesa  per¬ 
centage  electrode  voltage  losses 


Magnetic  Reynolds  No.,  Rm=  ^L0  G(-g“) D 
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Figure  67.  Summary  of  absolute  magnetic  Reynolds  number, 

based  on  fi0*  for  various  axplosive-metal  combina¬ 
tions  as  a  function  of  the  metal  weight  fraction 
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(c)  Bettor  fabrication  technique,  Buch  as  casting  a 
molten  explosive 

The  fact  that  R  values  near  one  have  been  attained  make  a  more 
thorough  theoretical  treatment  necessary,  R  based  on  ju  D  tra  is  an  order 
of  magnitude  figure  of  merit.  A  more  accura?e  parameter°can  be  evolved  by 
considering  the  circuit  as  a  whole  (remembering  that  in  Equation  8,  ■  0) . 

Defining  the  circuit  magnetic  Reynolds  number,  R  ,  as  the  magnetic  field 
induced  by  the  circuit  current  compared  to  the  applied  field,  we  have 
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where  the  current  1  Is  given  by 
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Thua  (63)  becomes 

R.C  *  Rp) 

The  load  factor  k  was  defined  as 
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From  this  we  see  that  to  obtain  large  induced  magnetic  fields, 
a  large  a  is  desirable  along  with  heavy  loading,  k  — ►  0.  The  value  of 
R  deduced  from  Figure  66  is  about  2.7  (not  shown  on  Figure  67);  for 
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short-circuit  conditions,  k  ■  0,  a  circuit  magnetic  Reynolds  number  would 
be  0,27.  The  lowest  load  resistor  used  was  0,017  £2  making  k  ■  0.67.  R 

me 

is  then  "■'O.IO.  The  oscilloscope  trace  for  this  shot  suggests  an  increase 
in  load  voltage  toward  the  end  of  the  event  suggesting  that  the  magnetic 
field  was  increasing  with  time. 

E.  CONCLUSIONS 

The  electrical  conductance  of  the  detonation  zone  in  a  condensed  high 
explosive  can  be  increased  substantially  by  adding  a  metal  powder  to  the 
explosive.  For  these  experiments  the  increased  conductance  can  be  ex¬ 
pressed  by 
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where  X  is  a  coefficient  greater  than  1  and  depends  on  the  electrical 
conductivity  of  the  metal  additive.  For  example,  X  ■  20  for  sponge  iron. 

The  effective  velocity  of  the  detonation  products  available  for 
generation  of  electrical  power  ranges  from  one-tenth  for  spherical  parti¬ 
cles  to  one- third  for  very  angular  particles.  This  holds  for  both  ex¬ 
plosives  used,  Detasheet  and  Composition  C-4.  The  variable  most  directly 
involved  is  the  additive  particle  drag  coefficient. 

The  detonation  velocity  decreases  as  the  metal  fraction  present 
Increases  so  that  detonation  failure  occurs  around  70  to  80  percent  by 
weight  for  the  compositions  tried.  The  magnetic  Reynolds  number,  which  is 
the  product  of  conductance  and  velocity,  increases  up  to  the  velocity  pro¬ 
pagation  limit.  Magnetic  Reynolds  numbers  around  one  have  been  attained 
in  these  experiments.  Values  substantially  greater  than  this  are  possible 
if  improvements  are  made  in  charge  size,  fabrication  technique,  and  basic 
explosive  conductivity.  This  technique  for  generating  electrical  power 
is  feasible  based  on  magnetic  Reynolds  number  greater  than  unity. 


It  is  possible  to  make  an  estimate  of  the  design  parameters  for  a 
device  which  would  be  capable  of  producing  a  50- joule  output  in  20  micro¬ 
sec.  If  the  magnetic  Reynolds  number  is  greater  than  or  about  equal  to 
one,  a  device  can  be  designed  basing  the  size  on  the  stored  magnetic  energy. 
Assuming  E  •  0.1  joule/cc  and  P  *  0.50,  the  volume  of  composite  needed 
is  8 


<et) 


Vol 


<E  )  P 
mag' 


50  joules 

0.5 

cm^ 


~  lft-3  3 
■  10  m 
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0.1 


The  event  time  controls  the  dimension  in  the  direction  of  detonation 
-  3  m  -5 

L  «*  D  t  ■  5x10  -  x  2  x  10  sec  ■  0.1  m  71 

o  sec 

The  device  will  be  essentially  a  cube  0,1  m  on  a  side.  Of  course,  for 
higher  values  of  magnetic  Reynolds  number,  the  volume  is  correspondingly 
less , 

It  is  worthwhile  noting  that  such  a  device  has  no  moving  parts  and 
should  be  very  inexpensive  to  produce.  The  composite  needed  for  10  ^nriB 
about  4  kg,  based  on  p  ■  4  gm/ctrr  (See  Figure  65(a)),  or  roughly  10  lb. 

The  composite  should  cost  about  $  1 / lb  with  the  whole  manufactured  device 
costing  less  than  $5/lb  so  that  the  total  cost  would  be  about  $50.  Con¬ 
ventional  ordnance  techniques  could  be  used  to  Initiate  the  device  using 
either  single-point  or  multiple-point  initiation,  By  changing  the  relative 
height  and  width  of  the  explosive  charge,  the  internal  impedance  could  be 
varied  by  a  factor  of  about  10  .  With  larger  chargee,  this  range  of 
generator  internal  impedances  could  be  correspondingly  Increased.  Several 
different  geometries  for  such  devices  have  been  previously  described. 


SECTION  IV 


MILLISECOND- DURATION  PULSED  MHD  POWER  GENERATION 

A.  INTRODUCTION 

The  objective  of  this  phase  of  the  program  was  to  investigate  the 
phenomena  associated  with  fast-burning  solid  fuels  for  MHD  generators  and 
to  produce  power  pulses  of  l(r  -  L(r  joules  over  action  times  of  1  to  5  ms 
Although  both  longer  (1  Bee)  and  shorter  (100  microsec)  systems  have 
received  attention  in  the  past,  operation  in  the  millisecond  time  regime 
seemed  to  require  additional  study.  New  military  weapon  and  surveillance 
systems  dictate  the  power-time  regime  investigated.  To  facilitate  the 
repetitive-pulse  aspects  of  future  requirements,  it  was  proposed  to  use 
standard  20-mm  automatic  cartridges  as  the  combustor  .assembly, 

This  presentation  is  separated  into  the  following  parts: 

(1)  Fuel  Characteristics 

(2)  Theory  and  Method 

(3)  Fuels  Used  in  the  Study 

(4)  Experimental  Equipment 

(5)  Experimental  Results 

(6)  Data  Analysis 

(7)  System  Design 

(8)  Conclusions  and  Recommendations 

B.  FUEL  CHARACTERISTICS 

According  to  the  principles  of  MHD  power  generation,  It  is  necessary 
to  have  a  highly  electrically  conductive  fluid  in  motion  in  a  magnetic 
field.  Many  sources  of  this  fluid  are  available,  but  of  particular  in¬ 
terest  for  a  lightweight  generator  are  the  combustion  products  of  rocket 
fuels.  These  fuels  produce  large  amounts  of  high-velocity,  high- tempera¬ 
ture  gas  for  a  minimum  weight  and  volume.  The  addition  of  materials  which 
produce  a  copious  supply  of  free  electrons  make  the  seeded  rocket  fuel  one 
of  the  moat  attractive  energy  sources  for  MHD  power  generation  (4)  (5). 

Since  rocket  fuels  can  be  tailored  for  many  different  applications, 
it  is  necessary  to  determine  selection  criteria  to  be  used  in  the  optlmiza 
tion  process.  For  MHD  applications  the  fuels  are  selected  so  that  some 
function  of  electrical  conductivity,  electron  collision  frequency,  and 
specific  impulse  rather  than  specific  impulse  alone,  is  a  maximum.  The 


specific  function  of  the  three  parameters  used  depends  on  the  application 
for  which  the  fuel,  is  intended.  For  example,  a  fuel  optimized  for  a  Hell 
device  would  require  a  lower  electron  collision  frequency  than  would  a 
fuel  developed  for  a  Faraday  generator.  In  the  diocuasion  that  follows 
the  fuel  composition  and  the  Influence  of  the  size  of  the  fuel  elements 
upon  combustion  are  considered. 

C.  THEORY  AND  METHOD 

To  characterize  MHD  fuels  sufficiently  to  evaluate  their  relative 
performance,  it  is  necessary  to  determine  the  thermodynamic  and  electrical 
properties  of  the  combustion  products, 

The  thermodynamic  properties  of  the  combustion  gases  of  rocket  fuels 
are  calculated  with  the  aid  of  a  digital  computer  using  a  "Free  Energy 
Specific  Impulse  Program".  Use  of  this  program  requires  a  set  of  chemical 
compounds  to  be  considered  as  the  fuel  Ingredients.  The  chemical  com¬ 
positions,  heats  of  formation,  and  densities  of  these  compounds  are  also 
required.  It  is  necessary  to  examine  the  chemical  formulae  of  these 
ingredients  and  generate  a  set  of  probable  reaction  products  which  would  be 
formed  in  a  combustion  reaction  involving  the  reactants.  In  practice, 

JANAF  thermochemical  data  are  used  for  the  individual  reaction  products. 

At  an  arbitrarily  specified  reaction  pressure,  the  molar  amounts  of 
the  chemical  elements  in  the  ingredient  mixture  are  distributed  among  the 
products  with  an  initial  temperature  estimate.  The  Gibbs  free  energy  of 
the  mixture  is  calculated  UBing  the  thermodynamic  data  of  the  individual 
products.  The  exhauBt  product  composition  is  adjusted  until  the  Gibbs 
free  energy  is  at  a  minimum,  thus  determining  the  equilibrium  composition 
of  the  reaction  product  mixture.  The  enthalpy  of  the  mixture  is  calcula¬ 
ted  and  compared  with  the  heat  of  formation  of  the  combined  ingredients. 

The  temperature  is  recalculated  so  the  mixture  enthalpy  and  heat  of 
formation  are  identical.  At  the  recalculated  temperature  the  mixture 
composition  is  again  adjusted  to  minimize  the  Gibbo  free  energy.  These 
two  operations  are  repeated  until  convergence  is  obtained  for  the  two 
criteria.  This  results  in  an  equilibrium  composition  for  the  first  pressure. 
This  is  normally  called  the  chamber  composition,  and  the  temperature  and 
pressure  are  the  chamber  conditions.  Once  these  are  known  other  properties, 
such  as  entropy  heat  capacity,  molecular  weight,  and  ratio  of  specific 
heats,  can  be  calculated.  With  the  chamber  properties  and  conditions 
being  known,  the  rocket  nozzle  exit  conditions  are  calculated  in  a  similar 
manner.  Either  an  arbitrarily  specified  exit  pressure  or  an  expansion 
ratio  is  used.  For  the  composition  determination  at  equilibrium,  the  Gibbs 
free  energy  is  again  minimized,  but  the  enthalpy  criterion  is  replaced 
with  the  criterion  that  the  exhaust  expansion  In  the  nozzle  is  isentropic. 
Hence,  a  temperature  la  determined  for  the  product  mixture  so  that  Its 
entropy  equals  the  entropy  in  the  chamber.  Convergence  is  sought  for  the 
entropies  to  be  equal  and  the  Gibbs  free  energy  to  be  a  minimum.  The 
temperature  and  composition  thus  obtained  allow  the  exit  condition  pro¬ 
perties  of  the  exhaust  to  be  calculated.  With  the  chamber  and  exhaust 
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conditions  obtained,  the  specific  impulse  of  the  fuel  can  be  determined. 

The  composition  of  the  rocket  exhaust  products  includes  the  amounts  of 
electrons  and  ions  due  to  thermal  ionization  at  the  gas  temperature  as  well 
as  the  species  arising  from  the  thermochemical  reactions  involving  the 
ingredients.  From  the  temperature  and  composition,  the  electrical  properties 
of  the  exhaust  are  calculated. 


D.  FUELS  USED  IN  THE  STUDY 


In  the  course  of  the  experimental  study,  three  specific  fuels  were 
used:  VGM,  VJM,  and  VJP.  These  fuels  are  aluminum  double-base  seeded 
with  potassium  salt.  The  fuel  designated  VGM  is  the  one  used  in  past  work 
for  1-sec  burn  times  and  was  used  In  this  study  ss  a  baseline  for  evalua¬ 
ting  the  newer  fuels.  VGM  used  KC 1 C,  as  a  partial  oxidizer  and  seed 
material.  The  two  newer  fuels,  VJM  and  VJP,  used  KNO,  for  this  purpose. 


The  use  of  standard  rocket  grain  configurations  is  not  applicable  to 
pulses  of  less  than  100-ms  duration  because  of  the  characteristic  burning 
rate  of  solid  fuels.  The  burning  rate  1b  fixed  by  the  pressure  and  is  in 
the  range  of  6  cm/sec  for  the  pressures  of  interest.  For  a  1-ms  burst, 
therefore,  the  burning  thickness  or  web  would  have  to  be  6  x  10"3em,  which 
is  not  structurally  feasible.  Thus,  the  use  of  granulated  fuels  has  been 
adopted  for  this  time  regime.  Manual  cutting  was  used  for  the  granules  in 
those  experiments;  hence,  the  degree  of  granulation  was  limited.  The  size 
of  the  granules  used  was  a  cube  of  about  3  mm  on  a  side.  The  total  amount 
of  fuel  used  in  the  chamber  was  experimentally  determined  as  that  required 
to  give  a  pressure  of  5000  psia  (3.42  x  102  nfc/m2)  for  the  given  nozzle 
size . 


An  ideal  grain  size  can  be  found  by  using  the  burning  rate  and  the 
time  for  which  the  pulse  is  to  last.  If  we  consider  a  burn  time  of  1  ms 
and  the  burn  rate  of  6  cm/sec,  the  ideal  granule  would  be  a  hollow  cylindri¬ 
cal  grain  with  a  web  of,1.2  x  10'2  cm.  The  hollow  cylinder  is  UBed  to  give 
a  neutral  burning  grain^  and  the  thickness  is  determined  by  the  fact  that 
the  web  burns  from  both  sides.  An  inside  diameter  of  0.10  cm  is  possible, 
which  would  give  an  outside  diameter  of  0.125  cm. 

E.  EXPERIMENTAL  EQUIPMENT 

The  equipment  needed  to  conduct  the  study  included  a  magnet,  a  com¬ 
bustion  chamber,  MHD  channels,  and  data  handling  equipment.  The  magnet 
was  designed  for  use  in  continuous- flow  MHD  experiments  and  is  not  necessari¬ 
ly  optimized  for  a  pulsed  system.  The  magnet,  which  is  shown  in  Figure  68, 


^The  designation  of  fuels  by  letters  follows  the  practice  of  the  rocket 
industry  and  is  intended  only  for  cataloguing,  The  letters  themselves 
are  not  indicative  of  properties,  ingredients,  etc. 

2A  hollow  cylinder  burns  from  both  the  inside  and  outside  surfaces  and  both 
areas  are  a  function  of  the  radius,  so  as  one  area  increases  the  other 
decreases.  Neutrality  is  required  since  the  chamber  pressure  of  a  solid 
fuel  is  dependent  on  the  ratio  of  nozzle  area  to  grain  surface  area. 
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has  water-cooled,  saddle-shaped  copper  windings.  An  iron  shroud  is  pro¬ 
vided  to  increase  the  magnetic  induction  for  a  given  power  input.  The 
cross  section  area  or  window  in  the  magnet  is  0.2  x  0.22  in  with  the  0.2-m 
dimension  being  in  the  magnetic  field  direction.  The  magnetic  field  is 
constant  over  a  0.6-m  length.  A  curve  of  magnetic  field  versus  field 
current  is  shown  in  Figure  69.  The  magnet  is  powered  by  an  external 
battery  bank.  The  field  strength  used  for  most  runs  was  2.4  tesla. 

Twu  combustion  chambers  were  used  in  this  series  of  experiments. 

The  first,  shown  in  Figures  70  and  71,  used  a  standard  1-lb-charge  com¬ 
bustion  chamber  (designated  OPC  in  later  discussions),  into  which  was 
inserted  a  phenolic  sleeve.  This  sleeve  holds  the  granulated  fuel  as  well 
as  the  igniter  assembly.  The  fuel  and  igniter  assembly  is  covered  with  a 
6-mil  polyolefin  disc  backed  up  with  an  aluminum  wire  screen.  The  forward 
end  contains  Ignition  wire  lead  post,  pressure  taps,  and  an  over-pressure 
blowout  disc.  The  second  system  (Figure  72),  utilizes  a  20-mm  cannon 
shell  ’oaded  with  35  grams  of  fuel.  For  the  purposes  of  these  experiments, 
a  char ser  was  case  around  the  20-mm  shell  and  then  the  casting  was  Inserted 
into  '..h"  chamber  described  above.  A  short  expansion  zone  is  provided 
betw  an  ie  shell  and  the  nozzle.  Both  nozzles  have  the  same  diameter 
(3 » 01  cm) « 

Two  basic  channel  designs  were  used.  The  first  (Figure  73),  was 
designed  to  be  operated  in  the  segmented  mode.  Certain  design  approxima¬ 
tions  were  made.  They  were  dictated  by  the  availability  of  materials  and 
ease  of  construction.  For  example,  the  divergence  angle  of  the  channel 
was  held  at  a  constant  2-1/2  degrees,  even  though  a  varying  divergence 
angle  would  be  required  for  optimum  performance.  The  electrodes  were  made 
of  1/2-in.  (1.27  cm)  bar  stock  with  spacings  of  1/2-in.  while  the  calcula¬ 
tions  used  1  cm  for  both  dimensions.  The  channel  was  60-cm  long  with  22 
pairs  of  electrodes.  Table  III  gives  various  calculated  parameters  for  the 
three  fuels  in  Bimilar  generators. 

The  second  channel  (Figure  74)  utilized  the  steel  shell  developed 
for  previous  MHD  work,  with  an  insert  placed  inside  to  achieve  a  tapered 
channel.  Solid-copper  electrodes,  spaced  at  12,7  cm,  were  used  and  the 
Insulating  walla  diverged  at  a  rate  predicted  to  achieve  a  constant  gas 
velocity.  The  calculations  on  which  this  channel  was  based  utilized  a 
two-phase  exhaust  gas.  The  transition  section  in  both  cases  was  cast  of 
an  epoxy-baaed  filler. 

The  primary  data  recording  system  utilized  oscilloscopes,  although 
data  was  also  recorded  on  a  magnetic  tape  FM  recorder.  The  current  from 
the  generator  was  measured  through  the  use  of  toroids  whose  output  voltage 
was  proportional  to  ■J*.  This  signal  was  then  electrically  integrated  in 


integration.  A  typical  load  is  shown  in  Figure  76,  These  loads  are 
constructed  in  a  low- inductance  configuration  with  resistance  values  of 
0.004,  0.040,  0.100,  and  0.400Q. 
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an  R.C.  network  containing  a  feedback  loop  to  eliminate .the  R.C.  decay. 

A  schematic  of  this  system  is  shown  in  Figure  75.  The  -jr  trace  was  also 
manually  integrated  in  several  cases  as  a  check  agalnacche  electronic 
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Figure  69.  Magnet  calibration  curve 


rife  combustion  chamber 


igure  72.  20-mm  combustor  system 


TABLE  III 


o  o 


o 

b 


<N 

"P  a 

ai 


% 


cs 

*3  o 

At 


Ul  ftui 
rt  SO 
OH'-' 


S 

K 

w  ^ 

o  4J 

u  a 

Dh  w 


o 

AJ  /“N 
•H  0 
U  0) 

o  ® 

0)  0 
>  ^ 


XI 

u 


_  0 
<d  *rt 
4J  U 

ij  3 


0) 

*3 

£3  o 

o  2 
0> 

PO 


O  Mifufl  J>  O  ^ 

n  ^  ii  i/\  iO  mo 


o  o  o  o  o  o  o 


co  m  o\  {H  in  in  ^ 


vt  "<t  <*1  1*1  PO  1*1  f*' 

in  m  in  cn  m  tn  m 


o<  m  n  mti  m  n 


O  O'  oo  oo  r-  r-.  o 

n  <S  IS  N  P'1  SSI  <M 


iri  O'  <■■>  ci  r»»  f*.  o 
m  <t  sf  •<)■  w  <1 


io  io  o  m  o  in  m 
m  >d  <*■  c*i  n  <n  cvi 
<0  ^0  <0  ^0  <D  <D 
NNNNNNN 


O 

K 


moriionio 
•  ••««• 
OON  ON  CO  00  IN 


r-4  O  r*4  NO  Is"  St- 
^  On  in  N  ^  O'  ^ 
csj  n  n  ui  \o  o 

o'd  o  o  o  o  fh 


O  oo  m  m  i-»  r-  <n 
^  m  in  in  in  <t  s^ 


n  uiio  O  oo  n 
o 

co  v2S 


vO  O 
ON  ‘ 


O  1-4  \D 
in  r"i  ^ 


IA  ON  CC  J\  00  r4  o 

•  •  i  •  •  •  • 

O  h  n  m  n  in  ® 

io  un  m  n  h 


OlNBO'O  HN 
N  O  MO  O  U1B 

N  N  N  N  N  N  N 


O 

r-4 

!< 

H  «*  O'  >C  M  N  O 
o  oo  vo  in  <t*  m  cs 


00  SO  F t  fs|  Os  CO  VO 
m  cn  n  n  <n  w  n 

(S  CS  CS  <N  CS  CN  CS 
CS  CS  CS  CS  CS  CS  <S 


8 

CS 


in  m  i 
st  cs  < 


cs  cs 
sf 


00 

r- 


O  H  N  N  cn  ^  <f 

i“4  » ^  ^*4  r-4 


h  n  n  ^  m  ^  n 


^  h  rs  n  ^  O  n 
fH  M  O  On  in  in  f4 

m  co  m  cs  cs  cs  cs 
CS  CS  N  cs  cs  cs  cs 


8 

» 

cs 


o  V0  m  —4  \o  o\  \D 
st  m  m  cs  n  oo  on 


H  H  H  N  N 


r-4  n  cn  <t  m  no  n* 


> 


in  cn  r^>  in  m  co 

00  H  fS  O  fN.  0O  O' 

cs  cn  st  n  vo  o>  cs 

*  »  »  *  ■  •  • 

O  O  O  O  O  O  CM 


n  h  Mn  *s  n  n 
r>  f>  vo  no  no  in  ^ 


ON  O' 

M  n  n  n  no  <f 

k  •  4  «  •  • 

s  oo  <s  no  so  oo  n 

OflNMnn^ 


M 

cs  cn  no 


oo  oo 

OONH 


n  N  H  S  o  o 
no  in  cn  cs 


<t  in  cs  cs  cs  st  cs 

N  ^  H  S  IN  in  c'l 

nnnNN^O 
cs  cs  cs  cs  cs  CS  N 


n  no  h  no  m  h 
■  •  •  •  «  • 
O'n  r%  no  vt  co  cs 


ON 

r-* 


OS4r^"0  O  t  OO 
nj  h  on  n  in  <f 
<f  <t  m  m  m  cn  cs 
cs  cs  cs  cs  cs  cs  cs 


a 


cs 


h  h  ui  in  m  r> 
no  h  m  00  nO  rl  H 


HOnO 

h  h  r4  n  cn  in  cs 


hn  cn^j  inio  n 


Cross  sections  of  channel  at  exit  end  of  electrode 
and  at  entrance  to  channel 


Figure  75.  Toroid  and  integrator  schematic 


Figure  76.  Typical  load 


F.  EXPERIMENTAL  RESULTS 


The  experimental  results  are  presented  in  the  following  order 
(discussion  of  the  results  appears  in  paragraph  G.): 

20-mm  Feasibility  Tests 

Pressure-Time  History 

Segmented-Electrode  Channel 

Continuous-Electrode  Channel 

The  20-ntm  feasibility  test  was  designed  to  show  that  the  standard 
igniter  would  ignite  MHD  fuel  in  granulated  form.  The  data  shows  that  the 
MHD  fuel  will  be  ignited  in  a  20-mm  oase.  The  feasibility  teBt  also  had 
as  its  goal  to  demonstrate  that  successful  pressure-time  histories  could  be 
obtained .  A  sequence  of  teats  was  arranged  to  define  the  proper  load  and 
orifice  characteristics.  The  fourth  test  showed  that  30  grams  of  fuel 
fired  through  a  3.01-cm  orifice  was  satisfactory  and  resulted  in  a  peak 
pressure  of  Just  under  400  psi  (2.74  x  10'  nt/m^).  Pulse  duration  was 
about  2  ms.  It  was  found  that  35  grams  of  3-mm  granules  could  be  con¬ 
tained  in  the  case.  Since  new  20-mm  cases  were  not  readily  available,  it 
was  decided  to  proceed  with  the  testing  program  using  a  standard  OPC 
rocket  case  containing  50  grams  of  fuel.  The  nozzle  size  was  the  same  as 
used  with  the  cartridge,  and  it  wau  felt  that  the  data  accumulated  on 
these  tests  could  be  transcribed  to  the  20-mm  tests. 

Examination  of  the  pressure  traces  suggested  that  the  combustor 
physical  characteristics  rather  than  the  fuel  burn  time  are  dictating  the 
pressure-time  plot.  The  curve  strongly  resembled  a  pressure  vessel  de¬ 
caying  through  an  orifice.  The  pressure  decay  curve  during  all  runs 
appeared  to  have  about  the  same  time  constant  Independent  of  peak  pressure 
as  shown  in  Table  IV.  That  is,  if  all  traces  were  normalized  so  that  the 
peak  pressure  was  unity,  the  traces  would  be  very  similar.  It  will  be 
shown  that  this  behavior  is  significant. 

The  segmented  channel  was  tested  under  open  circuit  conditions  for 
its  first  test.  The  voltage  averaged  500  volts  for  a  period  of  1  ms  and 
then  dropped  to  300  volts  for  5  ms.  The  pressure  peeked  at  600  psi 
(4.11  x  10'  nt/m2) ,  Two  unsuccessful  tests  were  then  made  to  measure 
short-circuit  current  on  this  channel)  the  traces  were  very  noisy  due  to 
inductive  ringing.  The  ringing  seemed  to  be  esused  by  the  long  leads 
required  in  the  segmented  configuration,  The  channel  was  then  operated 
in  a  continuous  electrode  mode  to  measure  the  open  circuit  voltage.  A 
voltage  of  440  volts  was  recorded. 

The  remainder  of  the  test  program  used  the  second  channel. 
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A  series  of  tests  was  then  made  using  both  the  20-mm  shells  and  the 
OPC  combustor,  It  was  found  that  the  peak  values  of  voltage  and  current 
were  compatible  for  both  systems  although  the  decay  was  faster  for  the 
20-mm  combustor.  Results  of  the  tests  and  their  related  parameters  are 
given  in  Table  V. 

Tests  394,  396,  398,  and  399  were  made  with  graphite  electrodes  re¬ 
placing  the  copper.  This  was  done  to  determine  the  relative  electron 
emission  characteristics  of  copper,  carbon,  and  CuO,  As  can  be  seen  from 
Table  IV,  the  output  for  the  tests  with  carbon  electrodes  was  well  below 
the  values  obtained  with  copper.  This  indicates  that  the  field  emission 
characteristic  of  copper  is  the  prime  method  of  transplating  electrons 
across  the  boundary  layer. 

Two  electrode  lengths  were  utilized  in  the  series  of  tests.  They  were 
40  cm  and  60  cm.  The  data  for  the  two  lengths  is  shown  with  voltage  versus 
current  in  Figures  77  and  78.  Although  few  points  are  shown  with  the  40-cm 
channel,  they  fit  well  with  those  of  the  60-cm  data, 

G.  DATA  ANALYSIS 

The  principal  problem  is  to  find  the  cause  of  the  gross  difference 
between  the  measured  and  predicted  power.  Using  steady-state  equations,  a 
power  of  3  x  10®  watts  was  predicted  with  an  open  circuit  voltage  of  700 
volts.  The  calculated  conductivity  was  150  mho/m  with  an  effective  con¬ 
ductivity  (Faraday)  in  the  transverse  direction  of  73  mho/m.  The  actual 
open  circuit  voltage  was  440  volts,  producing  a  peak  power  of  2.70  x  1C5 
watts.  The  effective  conductivity  is  35  mho/m  or  about  half  of  that  pre¬ 
dicted.  It  is  evident  that  many  loss  mechanisms  are  operating  in  this 
time  region  which  are  not  present  in  the  steady-state  channels.  As  a 
first  step  the  combustion  history  will  be  deduced  from  the  pressure  traces 
to  determine  the  level  of  combustion  inefficiency. 

One  cau  examine  the  discharge  of  a  pressure  vessel  decaying  through 
a  nozzle  uoing  the  parameters  of  solid-rocket  fuel  combustion  products. 

The  pressure  at  anytime,  t,  is  given  by  (3): 


where 

Cp  ■  discharge  coefficient 
At  ■  throat  area 

■  V  ■  volume  of  combustion  chamber 

0  „  density 


pressure 
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versus  current  for  40-cm  channel 


is  the  time  constant,  using  typical  examples  (34),  it  has  a  value 


sec2 

(310  cm3)  (4.0  x  10*®)  cm*-  ,  „  ,„-4 

r  -  - 1 — - - 1 -  >  6.2  x  10  sec 

-3  1SS  2 

(2.8  10  J)  cm  (7.1  cm  ) 

Equation  3  then  becomes 


o 

At  t  ■  0.5  ms,  P  ■  0.46  P  ,  and  at  t  -  1,0  ms,  P  ■  0,21  P  . 

’  o  o 

The  discharge  curve  with  this  time  constant  is  shown  in  Figure  79,  which 
also  shows  the  normalized  data. 

The  next  stop  la  to  determine  whether  or  not  all  the  fuel  is  burned 
during  the  rise  time.  From  Figure  80,  which  gives  the  burning  rate  of 
VJM  as  a  function  of  pressure,  and  Figure  81,  which  gives  the  ratio  of 
fuel  surface  area  to  nozzle  area,  the  burning  rate  of  fuel  at  any  given 
pressure  can  be  calculated.  The  mass  flow  rate  versus  pressure  1b  shown 
in  Figure  82  for  the  nozzle  diameter  used  (3,01  cm).  The  mass  flow  rate 
is  given  by: 


m  -  P.k  ,r 
s 

but  since  Ag  ■  K  At,  the  mass  flow  rate  becomes: 
m  -  ^.K.At<r 

where 


m  ■  mass  flow  rate 

P  m  fuel  density  *  2  gm/em3 

A  »  fuel  surface  area 
8 

Afc  *  nozzle  throat  area  ■  7-3  cm^ 
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75 


r  *  fuel  regression 

7  t  2 

Since  the  majority  of  the  tests  were  made  at  4000  pel  (2.74  x  10  n  /m  ) , 
the  mass  flow  rate  of  14.4  gm/ms  will  be  considered.  Assuming  that  1  ms 
elapses  between  ignition  and  the  peak  pressure  point,  the  average  mass 
flow  rate  to  that  point  is  7.5  gm/ms  or  about  15  percent  of  the  actual 


Figure  79.  Discharge  curve 
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PRESSURE  (PSIG) 


Figure  80.  Burning  rate  versus  pressure  - 


loon 


Figure  61.  Ratio  of  fuel  surface  area  to  nozzle  area 
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fuel  in  the  chamber.  This  indicates  that  more  than  one-half  of  the  fuel  is 
being  expelled  unburned.  It  is  inferred  that  the  amount  of  fuel  burning 
dictates  the  peak  pressure  but  from  there  on  the  pressure-time  decay 
curve  is  controlled  by  the  physical  parameters  of  the  combustion  chamber. 

The  gases  which  evolve  from  the  burned  material  must  accelerate  the  un¬ 
burned  mass,  which  represents  a  further  loss  in  the  system.  An  elementary 
calculation  suggests  that  this  Ions  is  about  40  percent  of  the  loss  due 
to  incomplete  combustion.  So  the  maximum  possible  power  is  about  30  per¬ 
cent  of  that  desired. 

Consideration  of  the  load  line  can  begin  with  the  open  circuit  voltage. 
The  data  shows  that  the  parameter  is  considerably  lower  than  predicted. 

Dicks  (35)  indicates  that  the  electrode  drop  on  a  cold  copper  electrode  is 
of  the  order  of  100  volts.  This  would  account  for  a  drop  from  the  value  of 
700  volts,  which  was  predicted,  to  a  value  of  500  volts.  The  remaining 
difference  (40  to  50  volts)  is  easily  accounted  for  by  the  nonuniform 
velocity  profile . 

Al^channels  appear  to  be  limited  to  a  current  density  of  approximately 
5  amp/cm  on  short  circuit.  The  question  to  be  answered  is  which  of  two 
alternative  explanations  cause  the  current  limiting.  These  alternatives 
are  based  upon  either  the  existence  of  a  shock  in  the  channel,  or  the 
electrode  temperature.  A  shock  would  give  a  drop  in  potential  at  constant 
current  on  this  V-I  plot,  to  a  load  line  corresponding  to  about  0.35  times 
the  unshocked  open  circuit  voltage.  Under  these  circumstances,  the  short- 
circuit  current  would  be  about  1000  amp,  or  about  one- third  the  measured 
short-circuit  current.  Hence,  it  is  likely  that  the  current  limitation  is 
due  to  electrode  temperature  as  indicated  by  Cobine  (36).  The  slope  of  the 
load  line  of  Figure  78  indicates  an  effective  conductivity  of  35  mho/meter. 
An  effective  conductivity  of  73  mho/meter  is  predicted  for  an  area  ratio 
of  20  (Table  III,  with  U  reduced  to  2.4  tesla),  which  ia  the  average  in  the 
channel.  The  difference  may  be  due  to  incomplete  combustion  or  due  to  the 
high  resistance  of  the  cold  boundary  layer, 

The  optimum  power  point  indicated  by  Figure  78  would  generate  204  kw 
at  120  volts.  Firing  No,  403,  which  fell  above  the  line,  produced  267  kw 
at  170  volts.  The  voltage,  current,  and  chamber  pressure  plots  for  this 
test  are  shown  in  Figure  83.  The  characteristics  of  the  curve  are  typical 
of  all  other  eats.  The  total  energy  of  261  joules  is  less  than  the 
1000  joules,  which  was  anticipated,  but  is  compatible  with  the  calculation 
of  the  amount  of  fuel  that  was  burned  and  the  power  loss  due  to  accelera¬ 
tion  of  unburned  fuel. 

H.  SYSTEM  DESIGN 

This  portion  covers  a  preliminary  design  estimate  for  an  MHD  generator 
producing  109  and  10^  joules  of  energy  for  a  period  of  10"3  sec.  Two 
pulse  repetition  ratea  are  considered:  1/sec  and  10/sec.  Since  the  device 
could  be  used  for  powering  a  flash  lamp,  some  consideration  must  be  given 
to  high  voltage  output.  In  the  system  considered,  a  feed  mechanism  would 
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Voltage,  current,  and  chamber  pressure  plots;  test  403 
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provide  1  ms  of  combustion  for  each  pulse  desired. 


The  scheme  envisioned  for  producing  repetitive  pulseB  with  a  solid- 
fuel  MHD  generator  uses  a  prepacked  automatic  weapon  cartridge  as  the  fuel 
source.  This  method  of  packing  allows  repetition  rates  up  to  100/sec  using 
a  Catling  gun  breech  assembly.  Standard  20-mm  breeches  would  allow  10/Bec. 
The  20-mm  shell  is  being  used  in  current  experimentation  and  will  hold  35 
grams  of  fuel  at  a  50-percent  packing  density.  The  fuel  granule  size  is 
selected  for  proper  burn  time  and  chamber  pressure. 

Since  it  is  difficult  to  self-excite  a  magnet  in  the  period  of  1  ms , 
a  constant-field  magnet  will  probably  be  required.  A  practical  magnet 
for  use  in  a  flight-weight  system  would  be  superconducting,  since  a 
standard  electromagnet  would  consume  more  power  than  the  pulse  generator 
average  power.  A  continuous  electromagnet  1b  therefore  not  practical. 

Use  of  a  superconducting  magnet  is  further  dictated  by  the  fact  that  in 
the  relatively  small  channels  a  field  level  of  7  to  10  tesla  would  be 
required  to  produce  1000  volts  at  operating  conditions.  This  appears  to 
be  a  voltage  requirement  of  most  application  areas  studied. 

8  3 

Using  a  power  density  gf  8  x  10  watt/m  ,  which  appears  to  be  achiev- 
able2  a  volume  of  l.g  x  10"3  would  be  required  for  the  1CT  Joule  and  1.2 
x  10  2  r  for  the  104  Joule  system.  The  dimension  would  be  approximately 
3.5-cm  across  at  the  entrance,  9-cm  across  at  the  exit,  and  31-cm  long 
for  the  103  joule  case.  The  10^  joule  system  would  be  7.5  cm  at  the 
entrance,  19.5  cm  at  the  exit,  and  65-cm  long.  These  two  channels  are 
shown  in  Figures  84  and  85. 

The  weight  of  the  channel,  using  an  average  wall  material  density  of 
2  gm/cm3  with  a  thickness  of  2  cm,  is  6.2  kg  for  the  small  channel  and 
25  kg  for  the  large  channel. 

The  fuel  mass  required  per  pulse  is  based  upon  experimental  data  and, 
assuming  that  the  electrode  and  combustion  problems  can  be  solved,  is  22 
grams  for  the  small  and  90  grams  for  the  large.  The  Bmall  channel  would 
use  a  20-mm  cartridge  while  a  25-mm  cartridge  would  be  used  for  the  larger 
size.  These  standard  cartridges  are  suggested  for  logistic  reasons,  but 
a  weight  saving  could  be  realised  if  a  special  shell  were  used.  The 
weight  of  fuel  and  cartridge  for  the  small  channel  could  be  140  grams/pulse 
while  the  large  channel  would  require  270  grams/pulse.  If  the  cartridge 
cases  were  fabricated  of  aluminum  rather  than  steel,  the  weights  would 
reduce  to  60  grams  and  156  grams  respectively.  The  total  fuel  and  cartridge 
weights  are  shown  as  a  function  of  repetition  rate  in  Figure  86  for  an 
operating  time  of  300  sec.  One  of  the  problems  which  should  be  considered 
in  the  design  of  a  repetitively  pulsed  system  is  the  question  of  heat 
transfer  to  the  channel  walls  and  cooling  requirements.  The  heat  transfer 
parameters  for  seeded  solid-rocket  propellant  combustion  products  in  an 
MHD  channel  have  been  estimated  in  previous  studies  (4).  For  the  pressures, 
velocities,  and  wall  temperatures  being  considered  here,  an  appropriate 
heat  transfer  rate  or  thermal  flux  would  be  about  1  kw/cm  .  Since  the 
pulae  length  would  be  short  compared  to  the  thermal  time  constant  of  the 
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oule  channel  with  aspec 


Figure  86.  Weights  of  fuel  and  cartridge  for  10  joule 
10^  joule 


channel  walls,  the  heat  transfer  rate  must  be  averaged  over  the  period 
between  pulses,  With  a  thermal  pulse  length  of  2  mB  and  a  repetition  rate 
of  10/sec,  the  affective  heat  flux  would  be  about  20  w/cm2  or  48  —  jpl  . 

m  sec 

With  a  wall  area  of  0.2  m2,  the  thermal  throughput  required  to 

maintain  the  walls  at  an  equilibrium  temperature  would  be  about  10  ■  . 

sec 

Assuming  that  water  is  to  be  used  as  a  coolant  and  allowed  to  load  ott  into 
the  ambient  atmosphere,  which  may  be  of  reduced  pressure  because  of  altitude, 
the  removal  of  this  amount  of  heat  would  require  1.6  x  10" 2  kg/sec  of  water. 
For  a  300-aec  operating  period  4,8  kg  of  HgO  would  be  required.  Values 
for  the  other  systems  can  be  derived  from  channel  wall  area  and  pulse  re¬ 
petition  requirements, 

The  total  weight  of  the  system  will  have  a  fixed  weight  comprised 
of  che  magnet,  channel,  and  breech  mechanism  and  a  weight  due  to  fuel, 
cartridge,  and  coolant  which  are  dependent  on  the  pulse  repetition  rate, 
Estimations  of  the  magnet  weight,  including  dewar  and  liquid  helium,  are 
75  kg  for  the  small  channel  and  250  kg  for  the  large  channel.  The  breech 
mechanism  weights  are  10  kg  and  25  kg  for  the  two  channels,  Component 
weights  for  the  two  energy  levels  at  pulse  rates  of  1  and  10  per  Bee  are 
as  follows: 

Channel  Magnet  Fuel  and  Breech  Coolant  Total 


System 

Weight 

(kg) 

We ight 
(kg) 

Cart  Wt 
(kg) 

We i ght 
(kg) 

Weight 

(kg) 

Weight 

(kg) 

103 

Joule-1 /sec 

7.0 

75 

18 

10 

1.0 

111 

103 

Joule-10/sec 

7.0 

75 

180 

10 

4.8 

277 

104 

joule-1 /sec 

25.0 

250 

48 

25 

1.4 

349 

104 

Joule- 10/sec 

25.0 

250 

480 

25 

13.5 

793 

I.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  two  major  problems  found  in  this  Bystem  are  that  of  achieving 
complete  combustion  in  the  time  duration  specified  and  in  reducing  the 
current  limitation  in  the  electrode,  Two  methods  are  available  for  solving 
the  first  problem:  using  extruded  grains  which  are  thin  enough  to  burn 
in  tho  time  available  or  plugging  the  nozzle  until  the  initial  pressure 
reaches  a  high  enough  value.  The  extruded  grains  would  be  cylinders  similar 
to  the  form  used  in  sporting  powders.  A  mass  flow  versus  time  plot  for 
typical  solid  and  hollow  cylinders  is  shown  in  Figure  67.  In  addition,  the 
pressure  should  be  raised  to  n  higher  value  which  will  increase  the  burning 
rate.  Higher  pressures  are  readily  achievable  in  a  breech  mechanism  since 
design  pressures  of  20,000  psi  are  commonly  uBed.  The  data  currently 
available  can  be  extrapolated  to  show  that  burning  rates  of  the  magnitude 
desired  can  be  obtained  at  practical  pressures.  Extrapolation  of  the  data 
for  VJM  fuel  is  shown  in  Figure  80,  It  is  felt,  however,  that  at  least 
up  to  20, COO  psi  (1.37  x  10°  n/m2)  the  data  can  be  expected  to  be  linear, 
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In  further  support  of  this  assumption,  the  burning  rates  of  several  double¬ 
base  sporting  powders  are  shown  in  Figure  88.  Experimental  data  is  readily 
available  for  these  propellants  up  to  20,000  psi  and  no  anomalies  occur 
up  to  this  pressure. 

To  build  up  the  chamber  pressure  more  rapidly  the  end  of  the  cartridge 
could  be  stopped  with  a  frangible  disc  which  is  set  to  rupture  at  a  given 
pressure.  A  short  expansion  chamber  would  be  required  before  the  gas  is 
nozzled  since  the  frangible  disc  would  create  flow  disturbances  in  the  area 
Just  downstream  from  it. 

The  second  problem,  electrode  current  limitation,  is  a  factor  which  is 
very  dependent  on  electrode  temperature.  In  applications  with  repetition 
rates  greater  than  1/sec,  this  should  not  be  a  problem  after  the  initial 
rounds,  since  the  electrodes  will  heat  up.  For  repetition  rates  less  than 
this,  some  form  of  preheating  may  be  required.  An  alternate  procedure 
involves  roughening  the  electrode  surface.  This  is  beneficial  not  only 
because  the  high  points  could  heat  up  sooner  and  increase  thermal  emission, 
but  also  the  roughened  electrode  will  have  a  greater  surface  area,  which 
implies  a  greater  current  density.  As  a  further  bonus,  the  roughened 
electrodes  will  emit  due  to  the  field  emission  process  because  the  local 
rough  spots  can  have  high  potential  near  their  peaks  (36). 

It  is  recommended  that  further  experiments  be  conducted  to,  (1) 
Demonstrate  that  complete  combustion  and  increased  electrode  current  flux 
can  be  achieved  in  practice,  and  (2)  provide  the  experimental  verification 
of  a  repetitive-millisecond-pul  sod  generator  system. 
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